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A lightning flash to a 23-foot-tall European ash tree near Lugano, 
Svvitzerland. The tree suffered no external damage. Photograph vvas taken 
from a distance of about 200 feet by Richard E. Orville, State University of 
Nevv York at Albany, using Kodachrome II 35 mmdaylight film, a lens setting 
of f/5.6, and the shutter on time exposure. (Reproduced in color on front 
cover.) Additional details are found in Orville, R. E., Photograph of a Close 
Lightning Flash, Science, 162, 666-667, 1968. Lightning photography is 


discussed in Chapter 10, lightning damage to trees in Chapter 5. Dover Publications, İne., Nevv York 
, “. 
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Atmospheric layers 
The atmosphere is betvveen 160 and 320 km 
thick and is made up of several layers. These 
extend from the Earth and fade out into 
space. All our vveather occurs in the layer of 
(he atmosphere nearest the Earth surface, 
This layer, called the troposphere, extends 
up to about 8 km near the poles and to 16 km 
near the Equator. The troposphere contains 
80 per cent of all the gases in the atmosphere. 
The temperature decres v/ith height in the 
troposphere, This is because (he atmosphere 
receives ils heat not directly from the Sun, 
but indirectiy from (he surface of the Earth. 

The layer above the troposphere is called 
(he stratosphere. This layer, vhich extends up 
t0 about 50 km, contains about 19 per cent of 
all the gases in the atmosphere. In the 
stratosphere the temperature is higher 
because it contains the ozone layer. The 
ozone layer absorbs most of the Suns harmful 
ultraviolet radiation, preventing il from 
reaching the Earth. Long-distance fel aircraft 
fiy in the stratosphere at heights of about 
10,000m, vrhere they are above the vveather 
and the air is still. 

In (he topmost layer of the atmosphere, 
(he exosphere, there are almost no gases 
and here the atmosphere merges into space. 


Air pressure 

Alr has veight and it presses on things in all 
directions vith a force called air pressure, 

or atmospheric pressure. Over one square 
metre, (he veight of air pressing dovr is 
heavier than a large elephant. Air pressure is 
greatest near (he ground and decreases vith 
height. At 10,000m above the ground, vhere 
İet aircraft fiy, the air pressure is very lovv 
and the veight of air pressing dov on (he 
aircraft is less. Because there is less air and 
oxygen, aircraft cabins have to be pressurized 
so that (he passengers and crev can breathe. 
The air pressure inside the aircraft is roughly 
(he same as at ground level, 


The Farihs atmosphere is made up of 
several layers. All our vveather occurs 


Depressions and anticyclones 

Air pressure plays an important part in creating different veather 
conditions, especially vinds. Lov/ atmospheric pressure areas, or 
depressions, cause unsettled veather in the British Isles, Europe 
and many other paris of the middle latitudes. The other main air 
system in these latitudes is an anticyclone. This is an area of high 
pressure. Antieyclones are assöciated vilh settled veather. 

In summer, there may be a succession of hot, sunny days 

But in vinter, anticyclones may bring cold veather and fogs 


Measuring air pressure 

Air pressure is measured vith a baromeler. 
The first baromelers vvere made from a long 
vertical tube, closed at (he top and opening at 
the bottom into a dish. Both (he dish and the 
tube contained mercury. There vvas no air 
above the column of mercury: instead there 
vvas an empiy space, or vacuum. As the air 
pressure increased it pushed dovn on (he 
mercury in the dish, forcing it up the tube, 
v/here its height vas measured against a 
scale. VVhen the air pressure fell, the height of 
the mercury also fell. Air pressure is measured 
in units called millibars. The average pressure 
at sea level is 1013.25 millibars. 

More portable than a mercury barometer, and easier to use, is an 
aneroid barometer. This has a needle and di8l above a sealed metal box 
containing a partial vacuum. Vhen air presses against the metal box, 

a series of springs and levers move the needle. The greater the air 
pressure, the further the needle moves in a clockvvise direction. The 
lover the air pressure, (he further the needle moves anticlockvise. 


THE FIRST BAROMETER 


htalian Evangelista Torricelli made the first 
barometer in 1644. He filled a metre-long glass tube 
uyith mercury and held the open end under the 
surface of a bovrl of mercury. The level of the 
mercury in the tube dropped to about 8o cm, 
eaving a vacuum at the top. Torricelli realised that 
the vvcight, or pressure, of the air on the mercury in 
the bov/l held up the column of mercury in the tube. 
The French mathematician Blaise Pascal v,as 
interested in Torricelli”s v?ork. In 1648 Pascal proved 
that the atmosphere has uveight (or pressure) 
by sending his brother-in-lav, up a mountain 
uyith a barometer. The level of mercury in the 
barometer tube dropped the higher he climbed. 


A barometer measures 
the air pressure. This 
baromeler. called a 


barograph, records 
the air pressure 
automatically on 
a revolving drum 


to produce ice erystals, it probably vvont 
produce much, if any, lightning. İn large 
thunderstorms, the ice erystals vary 
in size, from very small flakes to big 
hailstones. Air currents inside the cloud 
make the ice svvirl 
around, pushing 
the ice up and 
dovvn, rising and 
sinking vvith the cqeufinq 
vvinds. All this . 
motion causes 
the erystals to 
rub and brush 
up against each 
other. These 
collisions in turn 
cause a separation 
of electrical 
charges, much like the static electricity 
caused by rubbing a comb on a piece of 
fabric. 

Light ice erystals vvith positive 


eleetrical charges rise to the top of 


thunderstorms, vvhile ne 


izi 


tively charged 
particles and hailstones svvirl around 
tovvards the bottom of the clouds. This 
separation of negatively and positively 
charged particles creates an enormous 
potential for a violent eleetrical surge. 


This is called an e/eezrical differential. 


It is the potential energy that a cloud 
contains. 


İn addition to the electrical activity 


going on inside a thunderstorm, huge 


blobs of positively charged particles 
travel over the 
ground, follovving 
the storm as it 
blovvs across 

the landscape. 
Attracted by 

the vast pools of 


negative electrical 


energy in the 
bottom of the 
thunderstorm, 
these positive 
pools of energy 
tend to climb 

on tall obğects such as trees and houses 
as they seek a vvay to connect vvith 

the thunderstorm. Sometimes vvhen 
standing out in an open fteld in the 
middle of a thunderstorm, people can 
feel the hair on their heads stand up. 
"This is because they are in a pool of 
positive electrical charge that is rising 
up. This is a very bad sign. İf you cannot 
seek shelter, ecrouch dovvn and stay avvay 
from trees, Lightning may be about to 


strike at any moment. 
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goes vvhen it arrives at Earth. 
radio radiation make it all the vvay to 


the surface. These are the safest por- 
tions of the Sun /s radiation. Although, too much exposure to 
ultraviolet rays from sunlight (such as excessive suntan- 


ning) can lead to skin cancer. 
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V/hy Did Beniamin Franklin Fly the Kite? 


Shuffle across a nylon rug on a dry vvinter day and your body 
acquires an excess electrical charge. That charge may be 
violently released by a spark Piumping from your finger tip to 
a light svvitch or doorknob. Lightning is nothing more than a 
very long spark vvhich discharges regions of excess electrical 
charge developed in thunderclouds. Frictional charging, that 
is charging by rubbing together certain dissimilar materials 
such as a shoe sole and the rug, has probably alvvays been 
familiar to man. 1n 1746 Beniamin Franklin began his 
experiments in electricity. His experiments vvere made 
possible by (1) the frictional charging mechanism and (2) the 
fortuitous invention earlier that year of the Leyden iar — a 
primitive capacitor to store electrical charge. 

Prior to Franklin”s interest vvith electricity, a number of 
scientists had suggested that lightning might be an electrical 
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phenomenon. Their concern, hovvever, had gone no further 
than suggestion. In November 1749 Franklin vvrote the 
follovving about the sparks (in his terminology, electrical 
fluid) he had studied. 


Electrical fluid agrees vvith lightning in these particulars. 1. Giving 
light. 2. Colour of the light. 3. Crooked direction. 4. Svvift 
motion. 5. Being conducted by metals. 6. Crack or noise in 
exploding. 7. Subsisting in vvater or ice. 8. Rending bodies as it 
passes through. 9. Destroying animals. 10. Melting metals. 11. 
Firing inflammable substances. 12. Sulphureous smell. The 
electrical fluid is attracted by points. VVe do not knovv vvhether 
this property is in lightning. But since they agree in all particulars 
vvherein vve can already compare them, is it not possible they 
agree likevvise in this? Let the experiment be made. (Ref. 1.1) 


Franklin vvas the first to design an experiment to prove 
that lightning vvas electrical. In Tuly 1750 he vvrote: 


To determine the question vvhether the clouds that contain 
lightning are electrified or not, 1 vvould propose an experiment to 
be tried vvhere it may be done conveniently. On the top of some 
high tovver or steeple place a kind of sentry box . . . big enough to 
contain a man and an electrical stand fan insulator). From the 
middle of the stand let an iron rod rise and pass bending out of 
the door, and then upright tvventy or thirty feet, pointed very 
sharp at the end. If the electrical stand be kept clean and dry, a 
man standing on it vvhen such clouds are passing lov/ might be 
electrified and afford sparks, the rod dravving fire to him from the 
cloud. If any danger to the man should be apprehended (though 1 
think there vvould be none), let him stand on the floor of his box 
and novv and then bring near to the rod the loop of a vvire that 
has one end fastened to the leads, he holding it by a vvax handle, 
so the sparks, if the rod is electrified, vvill strike from the rod to 
the vvire and not affect him. (Ref. 1.2) 


His experiment and the results he expected to achieve are 
illustrated in Fig. 1.1. The aim vvas to shovv that the clouds 
vvere electrically charged, for if this vvere the case, it follovved 
that lightning vvas also electrical. Franklin did not appreciate 


CHAPTER ONE 3 


the danger involved in his experiment. If the iron rod vvere 
directly struck by lightning, the experimenter vvould almost 
certainly be killed. Such vvas eventually to be the case as vve 
shall see. 

In France in May 1752 Thomas-Francois D”Alibard 
successfully performed Franklin”s suggested experiment. 
Sparks vvere observed to ğump from the iron rod during a 
thunderstorm. İt vvas proved that thunderclouds contain 
electrical charge. Soon after, the experiment vvas successfully 
repeated in France again, in England, and in Belgium. In Tuly 
1753 G. V/. Richmann, a Svvedish physicist vvorking in 


. Hectrical Discharge 
in Presence of 
Thundercloud 


Stand 


Fig. 1.1. Franklin”s original experiment to shovv that thunderclouds are 
electrified. (a) Man on electrical stand holds iron rod vvith one hand and 
obtains an electrical discharge betvveen the other hand and ground. (b) 
Man on ground dravvs sparks betvveen iron rod and a grounded vvire 
held by an insulating vvax handle. 
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Russia, put up an experimental rod and vvas killed by a direct 
lightning strike. 

Before Franklin himself got around to performing the 
experiment, he thought of a better vvay of proving his theory 
— an electrical kite. It vvas to take the place of the iron rod, 
since it could reach a greater elevation than the rod and could 
be flov/n anyvvhere. During a thunderstorm in 1752 Franklin 
flevv the most famous kite in history. Sparks fumped from a 
key tied to the bottom of the kite string to the knuckles of 
his hand (Fig. 1.2). He had verified his theory, and had 
probably done so before he knev that D”Alibard had already 
obtained the same proof, 

There is some controversy as to vvhether Franklin flevv his 
kite in Hune 1752 or later that summer and vvhether at the 
time of his experiment he knevv of the earlier French results 
(Refs. 1.3, 1.4). Curiously, it vvasn”t until 1788 that Franklin 
himself first vvrote that he had performed the kite experi- 
ment, and then only a brief sentence vvas devoted to the 
subiect (Ref. 1.5). Nevertheless, in October 1753 Franklin 
described the kite experiment in detail and stated that it had 
succeeded in Philadelphia — but not that he himself had 
performed it (Ref. 1.6). The classic account of Franklin”s kite 
flight vvas vvritten by /oseph Priestly in his History and 
Present State of Electricity published 15 years after the flight 
(Ref. 1.7). Evidence is available to shovv that Franklin had 
read Priestly s manuscript before publication and had ap- 
proved of it (Ref. 1.3). 

Kite flying in thunderstorm vveather can be dangerous. A 
number of people have been killed imitating Beniamin 
Franklin. In the nineteenth and early tvventieth century 
meteorological observations vvere made by sending instru- 
ments aloft on large box kites. In 1898, 17 U.S. Veather 
Bureau stations vvere equipped for daily kite ascensions. The 
kites used vveighed 8 Ib, carried 2 Ib of instruments, and 
dragged as much as 20 or 30 ib of piano vvire bencath them. 
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Fig. 1.2. Franklin”s electrical kite experiment: Sparks yump from the 
electrified key at the end of the electrified kite string to Franklin”s 
hand. 


V/hen a kite vvas struck by lightning the piano vvire vaporized 
in a bright flash. After the flash, the remains of the piano 
vvire vvere briefly evident as rusty smoke. 

Details of tvvo cases of lightning strikes to meteorological 
kites are described in Ref. 1.8. In one case a man assisting in 
the flight vvas killed. Both times, roughly a mile of vvire had 
run out vvhen the strike occurred. 
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Hovv Does a Lightning Rod V”ork? 


It is a common misconception that lightning rods discharge 
clouds and thus prevent lightning. Actually lightning rods 
only serve to route the lightning harmlessly to ground. In 
doing so they divert the lightning vvhen it is 10 to 100 yards 
avvay. 

In 1749 Beniamin Franklin vvrote a letter vvhich vvas 
published in Geptlemen”s Magazine, May 1750. It read, in 
part, 


There is something hovvever in the experiments of points, sending 
off or dravving on the electrical fire, vvhich has not been fully 
explained, and vvhich 1 intend to supply in my next .. . from 
vyhat 1 have observed on experiments, 1 am of opinion that 
houses, ships, and even tovvers and churches may be eventually 
secured from the strokes of lightning by their means, for if 
instead of the round balls of vvood or metal vvhich are commonly 


placed on the tops of vveathercocks, vanes, or spindles of 
churches, spires, or masts, there should be a rod of iron eight or 
ten feet in length, sharpened gradually to a point like a needle, 
and gilt to prevent rusting, or divided into a number of points, 
vyhich vvould be better, the electrical fire vvould, 1 think, be 
dravvn out of a cloud silently, before it could come near enough 
to strike. 


This is Franklin”s earliest recorded suggestion of the 
lightning rod. In the “experiments of points” he placed 
electrical charge on isolated conductors and then shovved that 
the charge could be drained avvay (discharged) slovvly and 
silentiy if a pointed and grounded (attached to ground) 
conductor vvere introduced into the vicinity. VVhen the 
pointed conductor vvas brought too close to the charged 
conductor, the discharge occurred violently via an electric 
spark. 

In the discussion in vvhich he proposed the original 
experiment to determine if lightning vvere electrical (Tuly 
1750 — see Chapter 1), Franklin repeated his suggestion for 
protective lightning rods, adding that they should be 
grounded (i.e., that a vvire should connect the lightning rod 
to the ground or, in the case of a ship, to the vvater). 

Lightning rods vvere apparently first used for protective 
purposes in 1752 in France and later the same year in the 
United States (Refs. 2.1, 2.2). 

Franklin originally thought — erroneously — that the 
lightning rod silently discharged the electric charge in a 
thundercloud and thereby prevented lightning. Hovvever, in 
1755 he stated: 


I have mentioned in several of my letters, and except once, 
alvvays in the alternative, viz., that pointed rods erected on 
buildings, and communicating vvith the moist earth, vvould eirher 
prevent a stroke, or, if not prevented, vvould condıuet it, so that 
the building should suffer no damage. (Ref. 233) 
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It is in the latter manner that lightning rods actually vvork. 
The charge flovving betvveen a lightning rod and a thunder- 
cloud is much too small to discharge the thundercloud (Ref. 
2.4). The rod diverts to itself a stroke on its vvay to earth but 
can do so only in the final part of the stroke”s earthvvard 
trafectory. Diversion is achieved by the initiation of an 
electrical discharge (Fig. 2.1), a sort of traveling spark, vvhich 
propagates from the rod, intercepts the dovynvvard-moving 
lightning, and provides a conducting path to the rod. Before 
the traveling spark is initiated, the dovvnvvard-moving light- 
ning is essentially uninfluenced by obiects on the ground 
beneath it. The traveling spark is generally 10 to 100 yards 
long vvhen it meets the lightning. 

Any high obiect may initiate an upvvard-moving spark 
vyhich attempts to reach the dovvnvvard-moving lightning. İt is 
therefore important that the lightning rod be the tallest 
obiect near the structure it protects, so that its traveling 
spark catches the lightning rather than a spark initiated by 
the chimney or a nearby tree. 


Lightning 


Fig. 2.1. Final stages of a strike to a lightning rod. The time interval 
betvveen B and A and betvveen C and B is about 1/5000 second. The 
lightning channel becomes very bright (vievv C) immediately after the 
upvvard-traveling spark connects vvith the dovvnvvard- moving lightning. 
Dravvings are not to scale. 
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Franklin refused to patent the lightning rod or othervvise 
to profit by its invention. 

No lightning rod, hovvever tall, can offer absolute pro- 
tection, lightning has struck the Empire State Building 50 ft 
belov/ the top (see Chapter 6). Nevertheless, lightning rod 
systems are effective if used properly, and many codes have 
been vvritten to describe their use (Ref. 2.5). A single vertical 
rod vvill almost alvvays protect obiects vvithin an imaginary 
cone (the “cone of protection”) formed by all lines con- 
necting the top of the rod at height H vvith a circle on the 
ground, beneath the rod, of radius betvveen H and 2H. In Fig. 
2.2a, the house has a single lightning rod vvith a cone of 
protection assumed to have a base radius H in accord vvith 
the British lightning code. To protect a large house it is more 
practical to use multiple lightning rods: in Fig. 2.2b, three 
cones of protection overlap to provide a large volume of 
protection vvithout excessive height. The house in Fig. 2.1 is 
protected according to the U.S. lightning code vvhich 
specifies a base radius of 2H for the cone of protection. The 
smaller the base radius, the greater the probability that no 
lightning strokes vvill violate the cone. Thus, a structure 
containing explosives or highly flammable materials is often 
protected by a cone vvith a base radius as small as H/2. 

A lightning rod system has three main parts: the rods on 
the roof, the vvires vhich connect the rods together and those 
v/hich run dovvn the sides of the house or building to the 
grounding arrangement, and the grounding arrangement. 
Although the rods are the most visible, each of the three 
parts is equally important since the system may fail if any 
part is inadequate. Any metal rod or pipe may be an effective 
lightning rod, but to ensure a long lifetime for the rod, 
corrosion-resistant metal such as copper, aluminum, or 
galvanized iron should be used. There is no evidence that a 
pointed rod is better than one vvith a ball on the top. A vvide 


variety of lightning rod shapes can be seen on urban and rural 
structures. 
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Fig. 2.2. (a) A house protected by a single lightning rod having an 
assumed 45”-angle cone of protection — that is, the height of the rod is 
H and the base area assumed to be safe from a lightning strike has a 
radius H. (b) The same house protected by a lightning rod system 
consisting of three smaller rods, each assumed to provide a 45”-angle 
cone of protection. 
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The primary function of the vvires vvhich link the lightning 
rods and those connecting the rods to the grounding 
arrangement is to carry the lightning current from the rods to 
the ground. The vvires on the roof have the secondary 
function of intercepting lightning discharges vvhich may have 
missed the rods. In fact, grids of vvires alone have been used 
on roofs in place of lightning rods. The lightning codes 
recommend aluminum or copper vvires. The U.S. lightning 
code suggests approximately 1/4 in. diameter copper vvire or 


3/8 in. diameter aluminum vvire, vvhile the British code . 


recommends 3/8 in. diameter for both. In addition to round 
solid vvire conductors, tubular, strip, or stranded aluminum 
or copper conductors of an appropriate cross-section may be 
used. The vvire sizes specified in the codes appear to be 
chosen partly for their mechanical durability as vvell as for 
their ability to carry the lightning current. VVire several times 
thinner than that recommended vvill carry all but the most 
extreme lightning currents vvithout damage (Refs. 2.7, 2.8). 
An example of a lightning protection system using small 
diameter vvire is given later in this chapter. 

VVires carrying the lightning current must be vvell grounded, 
othervvise the lightning may yump from the vvires into the 
protected structure in search of a better ground. Grounding is 
best accomplished by connecting the vvires to long rods vvhich 
are driven into the ground or by connecting the vvires to large 
buried metallic conductors. The rods or buried conductors 
should in turn be connected to all nearby gas pipes, vvater 
pipes, or other buried metallic pipes or cables. 

İt is sometimes imperative to keep the lightning current 
and possible attendant sparks from contacting any part of a 
protected structure — a typical case being a liquid-fuel 
storage vat in vvhich flammable vapors are present. Here, the 
roof rods and vvire conductors are often replaced by a system 
of vvires suspended betvveen tall tovvers arranged around the 
structure. A similar scheme is used to protect high voltage 
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Fig. 2.3. Use of overhead ground vvires to protect high voltage trans- 
mission lines from lightning. Each of the high voltage vvires is supported 
by the bottom of an insulator. Ground vvires are attached to the metal 
transmission line tovvers vvhich are vvell grounded. Dravvings are not to 
scale. (a) A typical 132,000 volt line. (b) A typical 220,000 volt line. 
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transmission lines from lightning strikes. A grounded vvire (or 
v/ires) is strung above the high voltage lines to intercept 
strokes that vvould othervvise hit the povver lines (Fig. 2.3). 

The same principle has been adopted successfully in 
Poland for the protection of small farmhouses (Ref. 2.8). 
These buildings are usually made of vvood and frequently 
have thatched roofs, thus making them very susceptible to 
lightning-caused fires. Since their inhabitants can rarely 
afford the expense (several hundred dollars) of a protective 
system satisfying the formal codes, Stanislas Szpor suggested 
a simpler, inexpensive system vvhich the residents can install 
themselves. Basically, it consists of a 1/8 in. diameter 
galvanized iron vvire suspended above the roof ridge from tvvo 
small vvooden tovvers installed at the ends of the roof ridge. 
From each tovver the vvire slopes dovvnvvard and is buried in 
the ground. Over a five-year period, structures so protected 
had only about 1072 of lightning-caused fires that un- 
protected structures suffered. Since about 2000 rural struc- 
tures are ignited each year by lightning in the U.S. and since 
probably most are not protected because of the expense of 
the system specified by the U.S. code, it appears that Szpor”s 
lightning protection system or some system similar to it 
could be advantageous to U.S. farmers. 

İnformation about the number of lightning strikes per year 
fo structures of various heights as vvell as to flat ground is 
given in Chapters 3, 6, and 7. 
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Hovv Many People Are Killed By Lightning 
Each Year? 


V/hat Should T Do If Caught Outdoors In 
A Thunderstorm? 


Is It Safe To Talk On The Telephone During 
A Thunderstorm? 


Should T Unplug Radios And TVs? 


Hovv Can I Help Someone Struck By Lightning? 


Although no exact figures on lightning fatalities are available 
— there is no central agency to vvhich lightning accidents 
must be reported — various studies (Refs. 3.1, 3.2, 3.3, 3.4) 
have placed the average annual number of deaths in the U.S. 
at 100, 137, 151, 300, and even 600. V/hatever the exact 
number, lightning causes more direct deaths than any other 
vveather phenomena. Snovvstorms cause more indirect deaths 
(e.g., heart attacks from shoveling the drivevvay). Tornadoes 
cause about half as many deaths as lightning but inflict much 
more property damage. İt is perhaps surprising that about 
tvvo-thirds of the people involved in lightning accidents 
subsequently make a complete recovery. Most, if not all, of 
these survivors are probably not directly struck by lightning, 
but rather receive electrical shock from being in the close 
vicinity of a strike. 
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About 709? of all fatal lightning accidents involve one 
person, about 1576 occur in groups of tvvo, the remainder 
involves three or more deaths per lightning event. Betvveen 75 
and 85972 of all lightning deaths and in)iuries are to men, 
probably because they are more likely to be out-of-doors. 
About 707: of all iniuries and fatalities occur in the 
afternoon, about 2076 betvveen 6 p.m. and midnight (Ref. 
3.1). 

The largest single category of lightning deaths (12 to 1576 
of all fatalities) is composed of those unfortunate individuals 
v/ho seek refuge under trees during thunderstorms and have 
their sheltering trees struck by lightning. Perhaps one-third of 
these are golfers. Tvvo additional categories in vvhich large 
numbers of lightning fatalities occur are designated “Open 
VVater” and “Tractors”, each claiming about 1077 of the total 
fatalities. “Open VVater” includes people fishing, svvimming, 
on beaches, piers, and levees, in boats, and on vvater skis, 
“Tractors” includes people on, in, or near farm tractors or 
other implements, construction equipment, cars, and trucks 
(ela, 3.1, 3.3). 

Most lightning deaths occur outdoors. Over 3077 of all 
lightning deaths involve people vvho vvork outdoors: over 2572 
of all deaths involve outdoor recreationists. A breakdovvn of 
deaths and in)yuries to farmers and ranchers and to outdoor 
recreationists for the 20-year period 1950 through 1969 is 
given in Table 3.1. The apparent increase from the 1950s to 
the 1960s in the number and percentage of deaths to outdoor 
recreationists is perhaps due to the increasing number of 
outdoor recreationists. Table 3.2 gives more detailed data on 
death and inğury to outdoor recreationists, vvhile Table 3.3 
breaks dovvn the “Open VVater” category of Table 3.2. 

İn addition to humans, animals are killed by lightning. In 
1968, lightning caused the death of 464 cattle (362 killed 
directly, the remainder by lightning-caused fires), 13 horses 
(11 killed directly), 42 hogs, 2 dogs, and 1 vvhite ox resident 
in a museum pasture (Ref. 3.4). 
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flov in the metal skin of the car and not in the occupant. 
The lightning vvill ground itself by ğumping from the car to 
the earth either through the air, along the surface of a tire, or 
through a tire. In the latter case, the tire vvill be destroyed. 
For maximum security, the car vvindovvs should be rolled up 
and vvet (so that they conduct current along their surfaces), 
and the occupant should not touch any metal part of the car 
or the car radio. 

Because modern commercial aircraft are essentially all 
metal, lightning currents seldom penetrate them. An airplane 
on the ground is a relatively safe refuge during a thunder- 
storm. V/hat about planes in the air? Are aircraft in flight hit 
by lightning? If hit, do they continue to fly? 

Airplanes in flight are struck by lightning. Betvveen 
Tanuary 1965 and December 1966, the Federal Aviation 
Administration (FAA) collected reports of about 1000 
lightning strikes to commercial aircraft. On the average, a 
given commercial airplane is struck by lightning once in every 
5000 to 10,000 hours of flying time (Refs. 4.1, 4.2). As 
extreme examples of lightning activity, on one day in 
Tanuary 1969 four airliners vvere hit by lightning in separate 
incidents near Los Angeles (Ref. 4.3), and on September 26, 
1964 a Boeing 727 in a holding pattern at Chicago vvas hit by 
lightning five separate times vvithin a 20-minute period (Ref. 
4.4). 

Aircraft struck by lightning almost alvvays continue to fly. 
Generally, lightning leaves pit marks or burn marks on the 
aircraft”s metallic skin or bum or puncture holes through it. 
The FAA reports hole diameters up to 4 in., a common size 
being 1/2 in. (Ref. 4.1). Photographs of a lightning-damaged 
aircraft vving are shovvn in Figs. 4.1, 4.2, and 4.3. In addition 
to the generally minor damage caused to metallic aircraft 
parts, unprotected non-metallic parts may be more severely 
damaged. (Differences betvveen lightning damage to metallic 
and non-metallic materials are discussed in the next chapter.) 
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Fig. 4.1. Left vving tip of a Boeing 707 vvhich exploded after being hit 
by lightning near Elkton, Maryland on December 8, 1963. On the 
model insert the vvhite portion of the vving gives the size and orienta- 
tion of the portion of the actual vving shovvn. A number of lightning- 
caused holes and considerable pitting are evident. (Courtesy, Bernard 
Vonnegut and Roger Cheng, State University of Nevv York at Albany) 
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Figure 4.4 shovvs lightning damage to the plastic nose section 
or radome of a commercial ietliner. (The radome is neces- 
sarily non-metallic so that the plane”s radar can operate 
through it — radar signals are reflected by metal.) The aircraft 
in Fig. 4.4 had its radar unit put out of commission. 
Lightning is clearly a potential hazard. On the other hand, 
thunderstorm turbulence is a greater hazard. Severe tur- 
bulence can cause structural failure of the aircraft or loss of 
control by the pilot. The problem of 1oss of control is 
particularly critical during take-off and landing. 

Lightning is a danger to aircraft for several reasons. It can 
fuse, burn avvay, or othervvise destroy mechanical or elec- 
trical parts, it can temporarily blind the pilot causing him to 
lose control of the aircraft, and it can ignite the aircraft”s 
fuel. Fuel ignition vvas the probable cause of the only tvvo 


Fig. 4.2. Closer vievv of the Boeing 707 vving tip shovvn in Figure 4.1. 


Five lightning-caused holes are visible. (Courtesy, Bernard Vonnegut 
and Roger Cheng) , P 2 
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Fig. 4.3. Close-up of the mağor vving-tip hole and surrounding pitting 


shovvn at the left of Figures 4.1” and 4.2. (Courtesy, 
and Roger Cheng) 


Bernard Vonnegut 
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acknovvledged lightning-related disasters involving modern 
commercial aircraft. 

On Tune 26, 1959 near Milan, Italy, a Lockheed Con- 
stellation, a propeller-driven U.S. air carrier, vvas climbing in 
thunderstorm activity through about 11,000 ft vvhen struc- 
tural disintegration occurred. All persons aboard vvere killed. 
Investigation revealed that tvvo of the fuel tanks had 
exploded. Fuel vent pipes extending off the trailing edges of 
the vvings vvere exhausting air and fuel vapors (to maintain a 
pressure inside the fuel tank equal to the decreasing pressure 
outside, as the plane climbed) and vvere a likely point for fuel 
ignition. It is not clear vvhether lightning struck a fuel vent 
pipe or vvhether a traveling spark (similar to those vvhich 
leave lightning rods, Chapter 2) vvas initiated at the pipe 
causing ignition. In either event, it is probable that some sort 
of electric spark ignited the fuel at the vent pipe, the burning 
fuel propagated into the number 6 and 7 fuel tanks, and 
those fuel tanks exploded (Ref. 4.1). 

On December 8, 1963, a Boeing 707 vvas in a holding 
pattern at 5000 ft near Elkton, Maryland. There vvas 
thunderstorm activity in the area. VVitnesses reported a 
lightning stroke near the aircraft concurrent vvith or immedi- 
ately follovved by explosion and burning of the 707. All 
aboard vvere killed. It vvas found that three fuel tanks had 
exploded and that there vvere lightning strike marks and holes 
on the left vving tip (Figs. 4.1, 4.2, 4.3). Exactly hovv the fuel 
tanks vvere ignited remains unknovvn. The fuel vent outlets 
on the 707 are underneath the vvings and are recessed into 
them, so it is unlikely that lightning could strike the outlets 
directly or that they could be the source of traveling sparks. 
Further, vvhen recovered, the vent outlets shovved no signs of 
damage. Possibly a lightning stroke burned through the vving 
surface into a fuel tank (the fuel tank container is the vving 
skin). No evidence for this effect vvas found, although the 
explosion might have destroyed any pertinent evidence. The 


CHAPTER FOUR 31 


4. 
Piavez 


Fig. 4.4. Lightning damage to the radome of a commercial ietliner — 
one of four planes hit by lightning on one day in lanuary 1969 in 
separate incidents near Los Angeles (Ref. 4.3). (“Los Angeles Times” 
photograph) 
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favored explanation of hovv the explosion occurred is that 
lightning caused sparks at some point vvhere an explosive 
air-fuel mixture vvas present, perhaps in a fuel tank or near a 
fuel leak (Refs. 4.1, 4.2, 4.5). 

The explosions of both the Lockheed Constellation and 
the Boeing 707 vvould not have occurred had the fuel tanks 
not contained an explosive mixture of oxygen and fuel vapor 
above the liquid fuel. In the absence of oxygen, the fuel can 
neither burn nor explode. At the time this book is being 
vvritten, systems for replacing the oxygen in an aircraft”s fuel 
tanks vvith nitrogen are being tested (Ref. 4.2). Such a system 
vvould make aircraft immune to explosions from lightning as 
vvell as from fires due to accidents in vvhich the fuel is not 
exposed to the oxygen of the air (accidents in vvhich the fuel 
tanks are not ruptured). 

In addition to these tvvo commercial aircraft, a number of 
military aircraft have also been destroyed by lightning. No 
official count is available, but it is knovvn that, for example, 
in April 1970 an Air Force fet exploded after being hit by 
lightning, that there have been several recent cases of 
lightning-induced electrical failures on iet aircraft in flight 
necessitating crevv eection, and that eight servicemen vvere 
killed in a recent helicopter crash vvhen lightning hit and 
damaged the rotor blades. Engines on many iets have been 
temporarily extinguished by lightning strikes, and in /Yuly 
1969 a lightning strike to a iet resulted in tvvo bombs being 
released. 

V/nen lightning strikes a plane, the plane substitutes for 
part of the lightning”s air path. Typically lightning attaches to 
the plane”s extremities, often entering at one vving tip and 
leaving by the top of the tail. VVhen a lightning stroke is 
forming near a plane, the extremities of the plane send out 
traveling sparks to meet that lightning and cause it to pass 
through the plane, much as a lighining rod dravvs the 
lightning to itself. Thus a plane may attract lightning. In 
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addition, a plane may fiy into an already existing lightning 
channel and become a part of the channel, or it may initiate a 
brand nevv lightning stroke. The process of lightning initi- 
ation is similar to that of the lightning initiation caused by 
tall conducting structures (see Chapter 6). 

In only about half of the reported lightning strikes to 
commercial aircraft are active thunderstorms present (Ref. 
4.4). The other half of the reported strikes occurs in 
precipitation (ice or rain) vvhich is not related to a thunder- 
storm. Typically, in these cases no lightning is observed 
before the strike vvhich hits the plane. There appears to be 
no difference betvveen thunderstorm and non-thunderstorm 
lightning as regards damaging effects to an aircraft. Un- 
doubtediy, thunderstorm-related lightning strikes vvould 
represent a much higher percentage of total strikes if pilots 
did not intentionally avoid flying through thunderstorms. 

It is interesting to note that Apollo 12 (launched for the 
moon on November 14, 1969) vvas tvvice struck by lightning 
in the first minute after lift-off, once at 6000 ft and again at 
13,000 ft. The clouds through vvhich the 360 ft rocket passed 
had not previously produced any lightning. It is therefore 
likely that the rocket and its conducting exhaust plume 
initiated the tvvo discharges. Apollo 12 survived the strikes 
although their effects vvere considerable. They included: (1) 
temporary disconnection of the fuel cells v/hich povvered the 
command mödule systems, (2) temporary disruption of the 
primary inertial guidance system used to put the spacecraft 
into and out of earth orbit and on its vvay tovvard the moon, 
and (3) permanent 1loss of a number of mçasurements.of the 
skin temperature of the rocket and of Y/7-n Page 52 , 
propulsion fuel remaining (Ref. 4.6). 

From 1964 to 1966 a F-100F fet fighter aircraft, specially 
protected against the hazardous effects of lightning and 
equipped to photograph lightning and to measure its elec- 
trical current, pressure vvave (see Chapter 12), and other 
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properties, vvas deliberately flovvn through thunderstorms 
(Refs. 4.2, 4.7). The plane vvas struck by lightning 55 times 
and much valuable information vvas accumulated. 

Ball lightning inside airplanes is discussed in Chapter 15: 
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Hovy Does Lightning Damage Trees And 
Buildings? 


As discussed in Chapter 7, roughly 2000 thunderstorms are in 
progress over the earth”s surface at a given time, and 
collectively they may produce as many as 100 cloud-to- 
ground discharges each second — or more than 8 million per 
day. If these discharges vvere evenly distributed over the 
earth, about six percent of them vvould strike in the vvorld”s 
forested lands (Ref. 5.1). Fortunately, most discharges 
striking in forests do not cause forest fires. Nevertheless, 
about 10,000 forest fires are ignited by lightning in the 
United States each year. 

Lightning may strike a tree and leave it apparently 
unharmed (Ref. 5.2), or it may cause considerable structural 
damage vvithout noticeable burning. The detailed effects of 
lightning on trees have been recently studied by Alan R. 
Taylor of the U.S. Forest Service (Refs. 5.1, 5.3, 5.4, 5.5, 
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5.6). He found that most trees struck are not killed. The 
maiority recover from vvhatever lightning damage they have 
sustained, though many are vveakened and ultimately suc- 
cumb to attacks by insects and disease. Visible damage to 
tree trunks ranges from superficial bark flaking, to strip-like 
furrovying along the trunk, to almost total destruction. 
Damage of intermediate severity is shovvn in Fig. 5.1: the tree 
top has been shattered avvay and a spiral scar vvith a crack 
along its axis is vvound around the trunk. A close-up of hovv 
typical lightning tree scars are formed is shovvn in Fig. 5.2. 
Figures 5.3 and 5.4 shovv lightning-damaged trees. 

Taylor, in one study, examined 1000 lightning-damaged 
Douglas firs in vvestern Montana. Most had shallovv con- 
tinuous scars a fevv inches vvide along their trunks. About 
2077. had tvvo or more scars, 1077 had severed tops, and about 
172 had been reduced to slabs and slivers. Most of the scars 
vvere spiral, a fevv vvere straight. The average scar extended 
along 8077 of the tree height, but none extended to the very 
tips of the trees. Scars either reached to ground level or close 
to ground level. Often along the center line of the lightning 
scar vvas a crack vvhich penetrated into the tree (Figs. 5.1 and 
5.2), and, v/hen vvood vvas removed from a tree by lightning, 
it vvas usually eyected as tvvo parallel slabs, separated along 
this crack. Sometimes, in place of the crack lightning left a 
narrovv strip of shredded inner-bark fiber fixed in a smooth 
shallov/ groove about 1/16-in. vvide (Fig. 5.5). 

These damage characteristics are typical not only for 
Douglas firs but for most conifers (cone bearing trees, mostly 
evergreens) throughout the United States. The descriptions 
also appear valid for most rough-barked species of deciduous 
trees (trees vvhich shed their leaves each year) such as the 
oaks. The relatively smooth barks of other deciduous trees — 
birches, for example — present quite different damage 
characteristics. The maior difference is that the bark is not 
removed in narrovv, uniform strips but is torn off in large, 
somevvhat irregular patches or sheets (Fig. 5.6). 
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Fig. 5.1. The top of this Douglas fir vvas shattered avvay and a spiral 
lightning scar vvith a crack along its axis vvinds around the trunk. (Field 
sketch by A. R. Taylor) 


38 CHAPTER FIVE 39 


Sometimes a single lightning discharge can kill a group of 
trees. In a typical group kill, obvious lightning damage is 
visible on only one or tvvo trees, often near the center of the 
dying group. As many as 160 trees have been reported killed 
this vvay, but in most cases the groups are probably smaller. 
It is unclear vvhether lightning does unseen damage to the 
TOofts of trees surrounding the struck tree or vvhether the 
aerial parts are affected by the discharge (Ref. 5.7). After 
revievving the vvorld-vvide literature on the group killing of 
trees by lightning (Ref. 5.1), Taylor notes that, vvhile very 
fev/ cases have been reported in the United States, instances 
have been commonly reported in Europe, Australia, Malaysia, 
and other parts of the vvorld. A similar phenomenon 
involving lightning and tree groups is reported to occur 
frequently in parts of the United States. Entomologists 
(insect researchers) report that several species of bark beetles 
attack single trees damaged by lightning and then proceed to 
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Fig. 5.2. Formation of typical lightning tree scars. Left, bark and vvood 
loss: right, bark loss only. Bark and vvood removed in this Vvay are 

usually found in tvvo slabs, The slabs have been separated along the Fig. 5.3. A Douglas fir vvith three spiral lightning scars. Only bark vvas 
crack at the centerline of the tree scar. (Sketch by A. R. Taylor) removed, exposing the outer vvood. (U.S. Forest Service photo) 
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attack other trees surrounding the damaged one. Often the 
result is a group kill similar to those not involving bark 
beetles — so similar in fact that it has recently been suggested 
that lightning may be playing a hidden role in this type of 
group kill, that is, it may do unseen damage to the trees 
surrounding an obviously struck tree, thereby reducing their 
natural resistance to attack by the bark beetles and hastening 
their demise (Refs. 5.6, 5.8). 

To understand the direct effects of lightning on trees and 
buildings, vve must first take a closer look at the lightning 
discharge. In the course of this discussion vve vvill define more 
specifically some of the vvords used in the technical literature 
to describe lightning. 

A complete lightning discharge is called a /7as/. A lightning 
flash typically lasts a fev, tenths of a second. Each flash 
betvveen cloud and ground is composed of a number of 


Fig. 5.4. Forest Service scientists examine the remains of a 70-ft fir 


demolished by lightning in vvestern Montana. (U.S. Forest Service 
photo) 
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component strokes. The number is sometimes one (a single- 
stroke flash), most often is three or four (multiple-stroke 
flash), and may be as many as 20 or 30. Strokes are typically 
40 or 50 thousandths of a second apart. Cloud-to-ground 
lightning often appears to flicker due to the fact that the 
lightning channel is dark betvveen the component strokes. 
The longer the time betvveen strokes, the greater the flicker- 
ing effect. V/hen strokes are very close together (e.g., vvhen 
they are separated by only 20 thousandths of a second), little 
flickering is observed because the eye retains the image of the 
stroke during the “dark time”. It is this slovv response of the 
eye that makes movies and TV appear continuous rather than 
the series of individual pictures that comprise them. Movies 
that are run too slovvly also appear to flicker. 

The bright stroke channels vve see (an example is shovvn in 
Fig. 2.1c) and the stroke currents vvhich cause the light are 


Fig. 5.5. Close-up of a lightning tree scar shovving a narrovv strip of 
inner-bark fiber along the centerline of a bark-depth furrovv. (U.S. 
Forest Service photo) 
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initiated by electrical discharges vvhich move from cloud to 
ground (a discharge preceding the first stroke of a flash is 
shovvn in Fig. 2.1a,b). (Details of the lightning stroke 
formation are given in Chapters 6 and 9.) 

Typical lightning currents measured at ground are shovvn 
in Fig. 5.7 (Ref. 5.9). Peak currents are generally 10,000 to 
20,000 ampıs, but occasionally they range up to hundreds of 
thousands of amps. (The conventional household electric 
circuit vvill carry up to 15 amps. A 100 vvatt light bulb uses 
about 1 amp.) First strokes generally have larger currents 
than subsequent strokes. A lightning stroke reaches peak 
current in a fevv millionths of a second. The current then 
decreases, generally terminating in a thousandth of a second .. 
or so unless continuing current flov/s. Figure 5.7a shovvs a 
three-stroke flash vvith no continuing current. Figure 5.7b 
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htning removed bark from this paper birch in 1 - 
əb paper birch in large, irregu 


U.S. Forest Service photo) Fig. 5.7. (a) Current at ground due to a typical lightning flash vvithout 


continuing current — so-called cold lightning. (b) Current at ground due 
to a typical lightning flash vvith continuing current — so-called hot 
lightning. 
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shovvs a tvvo-stroke flash in vvhich the final stroke is follovved 
by continuing current. Continuing current is typicaliy 100 
amps and may last for one or tvvo tenths of a second. About 
half of all flashes contain a continuing current follovving one 
of the component strokes. 

Lightning flashes v/hich contain continuing current are 
commonly called 2or Zightning, flashes v/hich do not are 
called cold lightning. Hot lightning sets fires, cold lightning 
does not. The reason for the terminology is obvious. İt is, 
nevertheless, misleading. The temperature in both hot and 
cold lightning is the same — 15,000 to 60,000”F (see Chapter 
11). The difference is that it is maintained longer in hot 
lightning (tenths of a second vs. thousandths for cold 
lightning). To set fire to a piece of vvood, the flame must 
contact the vvood for a reasonable length of time: initiation 
of burning depends on the length of time a given temperature 
is applied. In general, the higher the temperature, the shorter 
the time. The continuing current from hot lightning provides 
a high enough temperature for a sufficient time to ignite 
vvoody fuels. A U.S. Forest Service study has shovvn 
conclusively that continuing currents can cause forest fires 
(Ref. 5.10). 

V/hile so-called cold lightning does not set fires, it can be 
very destructive. VVe can think of the bottom end of the 
lightning channel as a source of current vvhich is forced into 
the lightning attachment point. This current generates heat in 
the obiect through vvhich it flovvs. The amount of heat 
depends on the obiect”s resistance to electrical current. If the 
obiect has a lov resistance (e.g., a metal) (a material vvith lovv 
resistance is called a conductor), there is relatively little 
heating. If the obiect has a high resistance (e.g., a piece of 
vvood or plastic), there is a great deal of heating although not 
necessarily enough to cause burning. The essentially instan- 
taneous lightning current rise inside a high-resistance material 
causes rapid heating and consequent vaporization (i.e., 
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conversion from solid to gas) of some of the internal 
material. As a result, a very high pressure is quickly generated 
vvithin the material and, typically, this pressure blovvs the 
material apart. 

For many of the tree scars examined by Taylor, the 
lightning apparently follovved a path through the cambium (a 
thin layer of living cells betvveen the inner bark and the 
vvood) or through the moist inner bark tissue. Possibly these 
zones vvere chosen as the lightning”s paths because they 
offered lovver resistance than the outer bark or the vvood. In 
any event, the pressure generated in the cambial region blevv 
off a bark strip creating a scar as shovvn in Fig. 5.5. The 
pressure also could cause a split in the tree, but it is not clear 
hovv a strip of inner-bark fiber could be pasted along the 
centerline of the scar. In some of the trees examined by 
Taylor, vvood as vvell as bark vvas blovvn out from the tree. In 
these cases the lightning current apparently traveled deeper 
vvithin the trunk. Taylor found that old trees (over 200 
years) vvere more likely to suffer vvood-loss scars and 
suggested that perhaps the vvood in old trees offers less 
electrical resistance to current flovv than does the cambial 
zone. 

It vvould seem obvious that lightning-induced forest fires 
should be suppressed, but this is not necessarily the case 
(Ref. 5.11). Until recently, frequent fires kept the California 
forest floor clean: the fires themselves vvere small and did not 
damage the trees. İronically, efforts to prevent and contain 
forest fires in California enabled the brush to grovv more 
thickly and novv most fires are big ones. VVe may be indebted 
to ancient forest fires for California”s giant sequoias. The 
seedlings of these trees can germinate in ashes but are 
suppressed under the thick layer of needles that might cover 
an unburned forest floor. 

From all the foregoing discussion it is obvious that houses 
can be set on fire by lightning and that high-resistance 
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material comprising houses can be blovvn apart. Besides 
directly setting fire to houses and other structures, lightning 
can indirectly set fires by causing the povver company”s 
current to iump through the air betvveen electrical vvires or 
from a vvire to a grounded obiect. The resulting electrical 
discharge may have a considerably longer duration than the 
lightning flash vvhich started it. The only knovvn vvay to 
protect a house against a direct lightning strike is vvith a 
lightning rod system (see Chapter 2). Similarly, the only 
knovvn vvay to protect a tree against lightning is to outfit it 
vyith a similar rod system. This vvould consist of metal vvire or 
strip fixed to the tree from a vvell-established ground and 
running up the tree trunk to the top of the tree and out the 
maior branches. Thus lightning striking the tree top or any 
mafior branch vvould be harmlessly carried to earth. 
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Does Lightning “Never Strike Tvvice?” 


Does It Alvvays Strike The Tallest Ob/ect? 


Much of vvhat is knovvn about lightning today has been 
discovered precisely because lightning does strike the same 
structure over and over again. To measure a given property of 
many lightning strokes (for example, the range of values for 
the peak current), it is necessary to position appropriate 
instrumentation close to many lightning strokes. The Empire 
State Building in Nevv York City is struck by lightning an 
average of about 23 times per year. As many as 48 strikes 
have been recorded in one year, and during one thunderstorm 
eight strikes occurred vvithin 24 minutes (Refs. 6.1, 6.2). The 
General Electric Company conducted a 10-year study 
(1935-1941, 1947-1949) of lightning at the Empire State 
Building. Various properties of the lightning current vvere 
measured as the current flovved into the building, and 
high-speed photographs of the formation of the lightning 
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channel near the top of the building vvere obtained. A similar 
but more detailed study of lightning vvas begun on Mount 
San Salvatore near Lugano, Svvitzerland in 1942 and still 
continues at the time of the vvriting of this book. The 
instrumented tovvers near Lugano have recorded lightning 
current properties an average of about 40 times a year, vvith a 
maximum in excess of 100 times a year (Ref. 6.3). A sizable 
fraction of vyhat vve knovv about lightning currents and, in 
fact, about lightning in general vvas determined by the 
Empire State Building and Lugano studies. 

The probability of a structure being struck by lightning 
depends on its height. For a structure proğecting above a 
moderately flat area in a region of moderate thunderstorm 
activity, say Pennsylvania or Nevv York (see Chapter 7), the 
expected number of strikes per year is roughly one for a 300 
ft structure, three for a 600 ft structure, five for an 800 ft 
structure, ten for a 1000 ft structure, and tvventy for a 1200 
ft structure (Ref. 6.4). A 50 ft structure vvill be struck about 
once every four to six years (Refs. 6.2, 6.4), and a quarter 
acre of flat land (a large residential lot) vvill be struck about 
once every 100 years or more (see Chapter 7). Any structure, 
no matter vvhat its size, may be struck by lightning. 
Sometimes, hovvever, it is necessary to rebuild the structure 
before it can be struck again. The bell tovver of St. Mark”s in 
Venice vvas completely destroyed by lightning three times 
and severely damaged nine times in a period of about 400 
years. In 1766 a lightning rod vvas installed on the tovver and 
since then no further lightning damage has occurred (Refs. 
6.5, 6.6). 

It is interesting to note that as late as the 18th century 
church bells vvere rung in Europe as an effort to protect 
against lightning. The “ignorant” believed that the ringing of 
church bells dispersed the evil spirits, the “informed” 
believed (erroneously) that the sound produced by the bells 
broke the continuity of the lightning path. Medieval church 
bells are often inscribed Fulgura frango (31 break the 
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lightning). Ringing church bells during thunderstorms proved 
very hazardous to the bell-ringers. In a period of 33 years, 
386 church tovvers vvere struck, and 103 bell-ringers vvere 
killed at their ropes (Refs. 6.5, 6.6). 

Since lightning preferentially strikes the taller structures, it 
is reasonable to ask vvhether tall structures merely act as 
lightning rods or vvhether they influence the lightning to a 
greater extent. The question is important since much of vvhat 
vve knovv about lightning comes from studies of lightning 
strikes to tall buildings. Scientists and engineers vvould like to 
be certain that lightning characteristics so obtained also appliy 
to lightning v/hich strikes small buildings, povver lines, 
missiles, etc. The Empire State Building study vvas the first to 
shovv that most of the flashes to a very tall structure are 
initiated by the structure itself. In the Lugano study about 
7597z of the flashes observed vvere initiated by the tovvers. 
These structure-initiated flashes differ significantly from the 
usual cloud-to-ground flash. Flashes to very tall structures 
vVhich are not structure-initiated are thought to resemble the 
usual lightning to ground, but there is still some dispute 
about this. 

It is appropriate nov to look at hovv lightning gets started. 
The usual flash betvveen cloud and ground is initiated in the 
base of the cloud. The initiating discharge, the dovvnvvard- 
traveling spark shovvn in Fig. 2.la,b, is called the srepped 
leader. "The stepped leader is a lovv-luminosity traveling spark 
vyhich moves from the cloud to the ground in rapid steps 
about 50 yards long. Each step takes less than a millionth of 
a second, and the time betvveen steps is about 50 millionths 
Of a second. The stepped leader is not seen by the eye, but 
may be photographed vvith special cameras (see Chapter 16, 
Fig. 16.3). The visible lightning flash discussed in the pre- 
vious chapter occurs vvhen the stepped leader contacts the 
ground. Precisely vyhat happens v/hen the stepped leader 
reaches the ground is the subiect of Chapter 9. VVhat is impor- 

note noyv is that the usual stepped leader starts from 
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These structure-initiated flashes differ significantly from the 
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vvhich are not structure-initiated are thought to resemble the 
usual lightning to ground, but there is still some dispute 
about this. 
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the cloud vvithout any “knovvledge” of vvhat buildings or 
geography are present belovv. In fact, it is thought, as sug- 
gested in Chapter 2, that the stepped leader is “unavvare” of 
obiects beneath it until it is some tens of yards from the even- 
tual strike point. VVhen “avvareness” occurs, a traveling spark 
is initiated from the point to be struck and propagates up- 
vvard to meet the dovvnvvard-moving stepped leader, complet- 
ing the path to ground. In this vvay the usual lightning flash 
to ground or to small structures is started. A small fraction of 
the strikes to very tall buildings also occurs in this vvay. 

Hovvever, most lightning flashes to very tall buildings are 
the result of a reverse process. They are initiated by stepped 
leaders vvhich start at the building top and propagate upvvard 
to the cloud. Because they propagate upvvard, they and the 
resulting visible discharge channel branch upvvard (Fig. 6.1). 
It is possible that upvvard-going leaders are Şust long versions 
of the leaders (previously called traveling sparks) vvhich 
propagate upvvard some tens of yards from lightning rods. 
That is, the upvvard-moving stepped leaders from tall 
buildings may vvell contact dovvnvvard-moving leaders be- 
neath or vvithin the cloud. On the other hand, the upvvard- 
moving stepped leaders may simpiy terminate in some region 
of cloud charge. 

Lightning flashes initiated by tall buildings exhibit dif- 
ferent current characteristics from those of the usual cloud- 
to-ground flash discussed in Chapter 5 and illustrated in Fig. 
5.7. The current in a structure-initiated flash rises slovvly, in 
hundredths or even tenths of a second, to a current peak of a 
fev, hundred amperes and flovvs for a fevv tenths of a second. 
Often the lovv-level continuous current is punctuated by one 
or more current peaks similar to those shovvn in Fig. 5.7 for 
strokes subsequent to the first. Sometimes the continuous 
current stops before a current peak occurs. These current 
peaks are generally larger than those vvhich occur during the 
continuing current. More details of the characteristics of 
upvvard-moving lightning are given in Ref. 6.7. 
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Fig. 6.1a. Lightning initiated by an upvvard-moving leader from a tovver on 
Mt. San Salvatore near Lugano, Svvitzerland. The spot directiy beneath the 
bottom of the lightning channel is a tovver light. Upvvard-initiated lightning is 
branched upvvard in contrast to the dovvnvvard branching of the usual 
cloud-to-ground lightning flash. (Courtesy, Richard E. Orville, State Uni- 
versity of Nevv York at Albany) 
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Fig. 6.1b. Lightning strikes tvvicel Another upvvard-going lightning from the 
San Salvatore tovver. (Courtesy, Richard E. Orville) 
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It may appear logical from the content of this chapter that 
lightning should alvvays “hit the tallest obiect”. (Since the 
point of “strike” is determined by a leader vvhich moves 
upvvard from the strike point, the strike point could iust as 
vvell be called the “point of initiation”.) Occasionally it 
doesn”tl The Empire State Building has been struck 50 ft 
belovv the top (Ref. 6.2). The usual explanation for such 
anomalous behavior is the follovving: It is thought that the 
greater the electrical charge residing on the dovvnvvard- 
moving stepped leader, the longer vvill be the connecting 
leader propagating upvvard from the building top. Thus, a 
relatively vveak stepped leader can come closer to a building 
top vvithout dravving an upvvard leader than can a relatively 
strong stepped leader. İt is possible, therefore, that a vveak 
stepped leader might “sneak” past the top of a building and 
only dravv a leader vvhen it had reached some lovver level, 
Another explanation for the anomalous behavior could be 
that the obvious strike point has been kept from generating 
an upvvard-moving leader by a pocket of airborne charge, 
so-called space charge. Properly distributed regions of space 
charge could cause the lightning to strike almost anyvvhere. 
In any event, the cone of protection around the “highest 
point” (see Chapter 2) almost alvvays describes the zone in 
v/hich lightning vvill not strike. 
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Hovv Are Thunderstorms Formed? 
Are There Locations Vith No Lightning? 


Hovv Many Thunderstorms Are İn Progress In 
The Vvorld At One Time? 


Roughly 2000 thunderstorms are in progress in the vvorld at 
any one time (Ref. 7.1). A typical storm is thought to 
produce one to three cloud-to-ground flashes each minute, 
and thus, considering all thunderstorms in progress, there are 
perhaps 30 to 100 flashes to ground every second (Refs. 7.1, 
7.2). The statistics on the number of thunderstorms in 
progress in the vvorld at any one time vvere obtained in the 
1920s by examining the records of meteorological stations 
located around the vvorld. VVhere there vvere no mefteoro- 
logical stations, estimates vvere made of the thunderstorm 
activity. For this reason the number 2000 may be somevvhat 
in error. Further, estimates of the number of cloud-to-ground 
flashes per minute for a typical storm are based primarily on 
data obtained at relatively fevv locations throughout the 
vvorld and may also be in error. For example, very little is 


56 


knovyn about the lightning or other properties of storms 
v/hich occur in the tropical regions of South America and 
South Africa. VVith the help of orbiting satellites, a more 
accurate determination of vvorld-vvide thunderstorm activity 
is possible and vvill probably be made in the near future. 

A thunderstorm-day for a given location is defined as a day 
on vvhich thunder is heard at that location, independent of 
vyhether one or many thunders vvere heard. Thunder cannot 
usually be heard if the lightning causing it is more than about 
15 miles avvay (see Chapter 12). In Fig. 7.1 and 7.2, 
thunderstorm-day maps are shovvn for the U.S. and the 
vvorld, respectively. Each curved line represents a fixed and 
stated number of thunderstorm-days per year and is dravvn 
through all geographical locations that have that particular 
number of thunderstorm-days. One of the most active regions 
on earth is lava vvhere thunder is heard 223 days per year. In 
the U.S., central Florida has the highest number of thunder- 
storm-days per year vvith 90. The lovvest number occurs along 
the Pacific coast region of northern California, Oregon, and 
VVashington vvhere thunderstorms and lightning are rare. 

A more pertinent statistic than the number of thunder- 
storm-days per year is the number of lightning strikes per 
square mile per year. VVhile it is relatively easy to determine 
thunderstorm days (one needs merely to listen), it is a more 
difficult task to determine accurately the number of strikes 
per square mile. The strikes per area have been determined 
(1) from photographs taken sequentially over periods of 
several years, (2) from records of strikes to povver lines, and 
(3) from electrical lightning counters v/hich respond to the 
radio vvaves emitted by lightning. The combined results of 
several studies indicate that the number of flashes to ground 
per square mile per year is equal to betvveen 0.05 and 0.8 
times the number of thunderstorm-days per year (Refs. 7.3, 
7.A, 7.5). For example, if you live in a region of the U.S. vvith 
40 thunderstorm-days per year, you can expect betvveen 2 
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Fig. 7.1. The number of days per year on vvhich thunder is heard at various locations in the U.S.A. 
Adapted from “Mean Number of Thunderstorm Days in the United States”, Technical Paper No. 19, 


Climatological Services Division, V/eather Bureau, September 1952. 
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and 30 strikes per year in a square mile area surrounding your 
home. A lightning strike vvithin a square mile area produces 
thunder vvhich is heard less than about 3 seconds after the 
flash (see Chapter 12). You might try to determine for 
yourself the number of thunderstorm-days and strikes per 
square mile occurring in your area each year. 

As is evident from Figs. 7.1 and 7.2, some parts of the 
vvorld have a great deal of lightning vvhile others have 
essentially no lightning. The degree of thunderstorm activity 
in a particular geographical area depends on its prevailing 
meteorological conditions. 

Thunderstorms can usually be classified as (1) local or 
convective, or (2) organized traveling. Local thunderstorms 
form independently of one another and have lifetimes of an 
hour or tvvo. They produce moderate lightning activity, 
moderate vvinds, rain, and sometimes small hail. Most 
lightning research has been concerned vvith lightning pro- 
duced by local thunderstorms because they are relatively easy 
to study. A local thunderstorm is shovvn in Fig. 7.3. 
Organized thunderstorms are violent storms. They may last 
for many hours producing severe lightning activity, hail over 
an inch in diameter, vvinds exceeding 60 mph, and sometimes 
tornadoes. Such storms are often associated vvith cold fronts. 
They may line up along fronts for distances of tens or even 
hundreds of miles and travel along vvith the fronts. 

V/hat conditions lead to the formation of thunderstorms, 
and hovv are those thunderstorms formed? Consider the local 
or convective thunderstorm. The conditions necessary for the 
formation of a local thunderstorm are: (1) the air from 
ground level to many thousands of feet must be moist, (2) 
the atmosphere must be “unstable” (defined in the next 
paragraph), and (3) the sun must heat the ground and the air 
near the ground. İn an unstable atmosphere, hot, vvet air near 
the ground vvill rise to heights vvhere the temperature is 
belov/ freezing, eventually forming a thundercloud. Let”s 
look novv at vvhat is meant by an unstable atmosphere. 
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If a volume or pazcel of air is to rise in the atmosphere, it 
must be lighter than the air vvhich surrounds it. Hot air 
balloons rise because hot air is less dense (lighter) than 
normal air. (Helium filled balloons rise because helium is less 
dense than air.) For a parcel of vvarm air to continue rising, it 
must alvvays be at a higher temperature than the surrounding 
air. Temperature decreases vvith altitude in the atmosphere, 
so that the vvarm air parcel from the ground might be 
expected to rise continuously. This is not necessarily the 
case, hovvever, since as the parcel rises it encounters 
decreasing air pressure. As a result, the parcel expands, and 
the act of expansion causes the parcel to cool. If the vvater 
vapor in the air parcel does not condense, then the cooling 
rate as the parcel rises vvill be about 5.5”F per 1000 ft. The 
air temperature must decrease faster than this if the parcel is 
to keep moving upvvard. The air temperature does not often 
decrease this rapidly much above the earth”s surface. For- 
tunately for the thunderstorm, if the air parcel is moist, 


Fig. 7.3. A local or convective thunderstorm at Socorro, Nevv Mexico. 


(Courtesy, Marx Brook, Nevv Mexico İnstitute of Mines and Tech- 
nology) 
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vvater vapor vvill condense as the parcel rises, and the process 
of condensation releases heat into the parcel. A moist parcel 
of air vvill cool at about 3.3”F per 1000 ft of ascent. If the 
atmospheric temperature decreases faster than 3.3”F per 
1000 ft, the atmosphere is said to be “unstable”. The parcel 
vvill continue to rise. 

There are three stages in the life of a local or convective 
thundercloud: cumulus, mature, and dissipating. The cu- 
mulus stage begins vvhen small, fluffy vvhite, cumulus clouds 
form from rising air parcels. In time, many cumulus clouds 
combine to form a larger cloud, a cumulus congestus, perhaps 
a mile in diameter, vvith a vvell-defined top vvhich rises at 
1000 to 2000 ft per minute. The primary characteristic of 
the cumulus stage is that air motion throughout the cloud is 
upvvard. The cumulus stage lasts 10 to 15 minutes. As the 
cumulus congestus cloud grovvs, vvater drops and ice form 
vvithin the cloud. Eventually the rain, hail, and snovv vvithin 
the cloud become sufficiently heavy that they can no longer 
be moved upvvard by the prevailing updraffts. 

The formation of heavy precipitation signals the beginning 
of the mature stage. Precipitation begins to fall, dragging air 
dovvnvvard vvith it. The cloud, novv a cumulonimbus, contains 
both updrafts and dovvndrafts, and rain from the cloud 
reaches the ground. The top of a mature thundercloud may 
extend to 60,000 ft. It flattens out and assumes a charac- 
teristic anvil shape on reaching the stratosphere, the region of 
the atmosphere in vvhich temperature is constant or increases 
vvith height. The mature stage of the storm lasts 15 to 30 
minutes and is accompanied by considerable lightning ac- 
tivity. Finally the storm enters its dissipating stage. The 
violent updrafts and dovvndrafts decrease, and precipitation is 
less intense. The vvater droplets in the cloud evaporate, and 
the remainder of the cloud is blovvn avvay. The dissipating 
stage lasts about 30 minutes. The total lifetime of the 
convective thundercloud is roughly an hour. 
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A single convective thundercloud is technically referred to 
as a cell. Before one thundercloud cell has dissipated others 
may form. If the various cells form in close proximity, it may 
be impossible to distinguish betvveen them from the ground. 
The result is a total storm of relatively long time duration 
and vvith relatively constant lightning activity — actually the 
combined result of the life eycles of many cells. An average 
local thunderstorm incorporates perhaps three thundercloud 
cells. Each is electrically active for about 15 to 30 minutes 
(during its mature stage) and, if the electrically active periods 
of the three cells do not overlap much, the storm produces 
appreciable lightning for about an hour and has a total 
duration of about tvvo hours. 

VVe look novv at the traveling organized thunderstorms 
v/hich produce severe vveather. Typically, lines of severe 
thunderstorms are formed near the boundary of a moving 
cold front and stationary vvarm moist air. The cold front, a 
large mass of cold air, pushes beneath the vvarm moist air and 
forces it to rise. The rising air creates thunderstorms along 
the front. For the forming thunderstorms to become severe, 
the meteorological conditions must usually differ somevvhat 
from those during the formation of local thunderstorms. 
Prior to the formation of severe thunderstorms there is often 
a vvarm dry layer of air aloft (and a region in vvhich 
temperature increases vvith height) vvhich tends to hold dovvn 
the vvarm moist air near the earth”s surface. The air near the 
ground becomes progressively vvarmer and more humid. 
VVhen the cold front causes the vvarm air to rise, the ability of 
the dry air to hold dovvn the vvet is destroyed and 
thunderclouds are violently formed. It should be pointed out 
that sometimes severe thunderstorms occur under conditions 
that vvould normally lead to the generation of only local 
thunderstorms. There is some argument as to vvhether severe 
thunderstorms are composed of many individual cells each 
similar to a convective thundercloud cell or v/hether the 
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structure of a severe storm is basically different. It appears 
nov, that some severe storms are composed of many 
individual cells each vvith a fairly vvell-defined life eycle vvhile 
other severe storms do not fit this pattern at all. 

One of the primary characteristics of the organized storms 
is that they can propagate themselves. There are several vievvs 
of hovv the propagation process takes place. Common to 
most theories is the idea that cold air brought to ground by 
dovvndrafts through a given thundercloud spreads outvvard 
and forces vvarm moist air adiacent to that thundercloud 
upvvard generating a nevv thundercloud. İt appears also that 
in order for severe storms to propagate effectively over long 
distances it is usually necessary for the vvinds aloft to be 
relatively strong and to increase vvith height. An excellent 
non-technical description of vvhat is knovvn about traveling 
thunderstorms, as vvell as vvhat is knov/n about local 
thunderstorms, is given in the paperback book 7Pe Thunder- 
storm vvritten by L. /T. Battan of the University of Arizona 
(see References). 


clnayibeir 
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Does Cloud Lightning Differ From 
Cloud-to-Ground Lightning? VV/hich Is More Common? 


Does Lightning Occur Only In Thunderstorms? 


There are tvvo principal types of lightning discharges — 
flashes vyhich occur betvveen the thundercloud and the earth 
(cloud-to-ground discharges) and flashes vvithin the thunder- 
cloud (intracloud discharges). Other types of discharges such 
as cloud-to-cloud lightning and cloud-to-air lightning also 
occur but not very frequently. It is a vvidespread miscon- 
ception that cloud-to-cloud lightning is common. 

Although the thundercloud is the most common source of 
lightning, it is not the only one. Lightning occurs in 
snovvstorms, in sandstorms, in non-thunderstorm rain and ice 
(see Chapter 4), in the eyected material above erupting 
volcanoes (Ref. 8.1: Fig. 8.1), near the fireballs created by 
nuclear explosions (Fig. 8.2), and apparently even out of the 
clear blue sky (giving rise to the expression “a bolt from the 
blue”). For lightning to occur, a region of the atmosphere 
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must attain an electrical charge sufficiently large to cause 
electrical breakdovvn of the air. Some charging almost alvvays 
occurs vvhen any particulate matter (for example, dust or 
sand) is subiected to strong vvinds. (An obvious parallel to the 
frictional charging discussed in Chapter 1.) Vithin a typical 
thundercloud a turmoil of vvind, vvater, and ice exists in the 
presence of a temperature vvhich decreases vvith height. Small 
particles are carried upvvard by the vvind: large particles move 
dov/nvvard under the dominant influence of gravity. The 
various ascending and descending particles exhibit different 
velocities depending on their size. Particles that move at 
different velocities collide vvith one another, and out of these 
interactions, in vvays not yet fully understood, emerge light, 


Fig. 8.1. Lightning in the volcano cloud over Surtsey, near İceland, in 
December 1963. Volcanic eruptions vvere observed on November 14 
1963 Off the southern coast of lceland in vvater about 130 yards deep, 
V/ithin 10 days an island over half a mile long and about 100 yards 
above sea level vvas formed. The island vvas named Surtsey by the 


İcelandic Government. sə kiz mü NuNYEMU Yuxum? 
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positively-charged particles vvhich move upvvard and heavy, 
negatively-charged particles vvhich move dovvnvvard. 

The probable distribution of cloud charge for a typical 
South African thundercloud cell is shovvn in Fig. 8.3 (Ref. 
8.2). The upper part of the thundercloud carries a pre- 
ponderance of positive (“) charge vvhile the lovver part carries 
a net negative (—) charge. The primary region of positive 
charge is referred to as the P-region, the primary region of 


Fig. 8.2. Five lightning flashes induced by an experimental thermo- 
nuclear device exploded on October 31, 1952, at Enivvetok in the 
Pacific. Photograph is frame number 72 (detonation occurs in frame 1) 
of a 2000 frame-per-second movie taken from 20 miles avvay. The five 
flashes vvere initiated immediately after detonation probably from 
instrument bunkers profyecting above sea level and propagated upvvard 
similar to typical flashes from tall buildings (see Chapter 6). AlI flashes 
lasted almost one-tenth of a second and apparently none contained 
subsequent strokes. The tops of the lightning channels bend tovvards 
the fireball. Fleecy cumulus clouds are visible vvith bases at 2000 ft. 
The clouds vvere not lightning producers. (Courtesy, U.S. Atomic 
Energy Commission) 
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negative charge the N-region. Recent research indicates that 
the N-region is not necessarily the vertical pillar of negative 
charge shovvn in Fig. 8.3, but rather may be a pillar vvhich 
leans at an appreciable angle from the vertical (Ref. 8.3). In 
addition to the main cloud charges (P and N), there may be a 
small pocket of positive charge at the base of the thunder- 
cloud (the p-region). Exact values of the charges in the P-, N-, 
and p-regions are still a matter of controversy. Malan (Ref. 
8.2) suggests P € 440 coulombs, N “ -40 coulombs, p “ F10 
coulombs. (One coulomb is the amount of charge vvhich is 
moved past a given cross-section Of a vvire vvhen a current of 
1 amp flovvs for 1 second.) V/hatever the exact numbers, the 
charge in the cloud must be more than the charge vvhich 
flov/s in the lightning channel since it is the cloud vvhich 
provides the charge for the channel. A typical lightning flash 
to ground generally lovvers about 25 coulombs of negative 
charge from the N-region of the cloud to ground. Occa- 
sionally discharges occur from the P-region or the p-region to 
ground. 

The typical cloud-to-ground discharge takes place betvveen 
the N-region of the cloud and the ground, a distance of 
roughly tvvo miles. Often the cloud-to-ground lightning path 
occurs in clear (rain-free) air. The cloud-to-ground lightning 
flash is, as noted in Chapter 5, composed of a number of 
discrete strokes, the total time duration of the flash being a 
fevv tenths of a second. The typical intracloud discharge takes 
place betvveen the P- and the N-regions of the cloud, over a 
distance of a mile or tvvo. The discharge path is through ice 
and supercooled vvater (vvater belov” 32”F vvhich is not 
frozen) since most of a typical thundercloud is at a 
temperature belovv the freezing level. VVhile the total time 
duration, charge transfer, and length of an intracloud 
discharge are similar to that of a cloud-to-ground discharge, 
the discharge processes differ. This is so because of the 
different environments in vvhich the tuvo discharges occur and 
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because the cloud-to-ground discharge terminates on a 
conductor (the earth) vvhile the intracloud discharge does 
not. Instead of being composed of a number of discrete 
current and light pulses (strokes), the typical intracloud 
discharge is fundamentally composed of a single slovvly- 
moving spark or leader vvhich bridges the gap betvveen the N- 
and P-regions in a fev, tenths of a second. There is 
controversy as to vvhether the leader moves up from the 
N-region and carries negative charge or moves dovvn from the 
P-region and carries positive charge. Each may in fact occur 
on different occasions. A lovv and continuous luminosity is 


Heiqht, miles 
Free Air Temperature, ”F 


Fig. 8.3. Probable distribution of thundercloud charge according to D. 
). Malan (Ref. 8.2). 
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observed in the cloud during the leader propagation. Super- 
imposed on the continuous luminosity are a number of 
luminous pulses each lasting about a thousandth of a second. 
It is thought that these pulses, called K-changes, occur vvhen 
the propagating leader contacts a pocket of charge opposite 
in polarity to that of the leader. Much more is knovvn about 
cloud-to-ground discharges than about intracloud discharges: 
it is impossible to photograph adequately the intracloud dis- 
charge channel since it is obscured by the cloud. 

The base of the N-region of a thundercloud is generally 
situated at the height at v/hich freezing occurs (32”F). The 
closer the N-region is to ground, the more likely is a 
cloud-to-ground discharge. Cloud bases are relatively high at 
the equator v/here the air near the ground is vvarm. The 
height of the cloud base decreases vvith increasing latitude 
(north or south) since the air temperature near ground is 
cooler at higher latitudes. VVe vvould expect, therefore, that 
the number of intracloud discharges relative to the number of 
cloud-to-ground discharges vvould be higher at the equator 
than near the north or south pole. This is indeed the case. 
Tropical thunderstorms produce roughly 10 intracloud dis- 
charges for each cloud-to-ground discharge. In Norvvay 
(latitude 60”: see Fig. 7.2) there are about the same number 
of intracloud discharges as cloud-to-ground discharges. In the 
United States there are perhaps five intracloud discharges for 
every cloud-to-ground discharge. AlI the above numbers are, 
of course, for typical or average storms. There is a vvide 
variation in the types of lightning produced by individual 
storms even at a given geographical location. 
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Does A Stroke Betvveen Cloud And Ground 
Travel Upvvards or Dovvnvvards ? 


The ansvver to the question “Does lightning betvveen cloud 
and ground go upvvards or dovvnvvards?” is that, in a sense, it 
does both. The usual lightning flash betvveen cloud and 
ground (excluding the discharges initiated by tall structures 
discussed in Chapter 6) begins vvith a visually-undetected 
dovvnvvard-moving traveling spark called the stepped leader 
(see Chapters 2 and 6). Since the lightning flash begins vvith a 
dovvnvvard-moving discharge, lightning moves from the cloud 
to the ground. On the other hand, vvhen the stepped leader 
reaches ground (or is contacted by an upvvard-moving 
discharge some tens of yards above the ground) the leader 
channel first becomes highly luminous at the ground and 
then at higher and higher altitudes. The bright, visible 
channel, or so-called refurn stroke, is formed from the 
ground up, and one could say, therefore, that visible lightning 
moves from the ground to the cloud. 
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It is thought by most lightning researchers that the usual 
cloud-to-ground discharge begins as a local discharge betvveen 
the p-charge region in the cloud base and the N-charge region 
above it (Fig. 9.1, see also Fig. 8.3). This discharge frees 
electrons in the N-region previously immobilized by attach- 
ment to vvater or ice particles. (Electrons are fundamental 
particles vvhich carry the smallest knovvn unit of negative 
electrical charge.) Because of their small mass, free electrons 
are extremely mobile compared to air atoms or to charged ice 
or vvater particles. The free electrons overrun the p-region, 
neutralizing its small positive charge, and then continue their 
trip tovvard ground. The vehicle for moving the negative 
charge to earth is the stepped leader. 

Exactly hovv the stepped leader vvorks is not understood. 
V/hat is knovvn is that it moves from cloud to ground in rapid 
luminous steps about 50 yards long. In Figs. 9.1 and 9.2 the 
luminous steps appear as darkened tips on the less-luminous 
leader channel vvhich extends upvvard into the cloud. Each 
leader step occurs in less than a millionth of a second. The 
time betvveen steps is about 50 millionths of a second. 
Negative charge is continuously lovvered from the N-region of 
the cloud into the leader channel. The average velocity of the 
stepped leader during its trip tovvard ground is about 75 miles 


Fig. 9.1. Stepped leader initiation and propagation. (a) Cloud charge 
ərlə, yüst prior to p-N discharge. (b) p-N discharge. (c)-(f) 
tepped leader moving tovvard ground in 50-yard steps. Time betvveen 


steps is about 50 millionths of a second. Scale of dravving is distorted for 
illustrative purposes, 
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per second vvith the result that the trip betvveen cloud and 
ground takes about 20 thousandths of a second. A typical 
stepped leader has about 5 coulombs of negative charge 
distributed over its length vvhen it is near ground. To 
establish this charge on the leader channel an average current 
of about 100 or 200 amperes must flovv during the vvhole 
leader process. The pulsed currents vvhich flovv at the time of 
the leader steps probably have a peak current of about 1000 
amperes. The luminous diameter of the stepped leader has 
been measured photographically to be betvveen 1 and 10 
yards. It is thought that most of the stepped-leader current 
flovvs dovvn a narrovv conducting core less than an inch in 
diameter at the center of the observed leader. The large 
photographed diameter is probably due to a luminous 
electrical corona surrounding the conducting core. 

VVhen the stepped leader is near ground, its relatively large 
negative charge induces large amounts of positive charge on 
the earth beneath it and especially on obiects profecting 
above the earth”s surface (Fig. 9.2). Since opposite charges 
attract each other, the large positive charge attempts to ?oin 
the large negative charge, and in doing so initiates upvvard- 
going discharges (Figs. 2.1 and 9.2). One of these upvvard- 


Fig. 9.2. Return stroke initiation and propagation. (a) Final stages of 
stepped leader descent. (b) İnitiation of upvvard-moving discharges to 
meet dovvnvvard-moving leader. (c)-(e) Return stroke propagation from 
ground to cloud. Return stroke propagation time is about 100 
millionths of a second, propagation is continuous. Scale of dravving is 
distorted. 


76 


going discharges contacts the dovvnvvard-moving leader and 
thereby determines the lightning strike-point. VVhen the 
leader is attached to ground, negative charges at the bottom 
of the channel move violently to ground, causing large 
currents to flovv at ground and causing the channel near 
ground to become very luminous. Since electrical signals (or 
any signals, for that matter) have a maximum speed of 
186,000 miles per second — the speed of light — the leader 
channel above ground has no vvay of knovving for a short 
time that the leader bottom has touched ground and has 
become highly luminous. The channel luminosity, the return 
stroke, propagates continuously up the channel and out the 
channel branches at a velocity somevvhere betvveen 20,000 
and 60,000 miles per second, as shovvn in Fig. 9.2. The trip 
betvveen ground and cloud takes about 100 millionths of a 
second. As the return stroke luminosity moves upvvard so 
also does the region of high current. VVhen the leader initially 
touches ground, copious numbers of electrons flovv to ground 
from the channel base. As the return stroke moves upvvard, 
large numbers of electrons flovv at greater and greater heights. 
Electrons at all points in the channel ahvays move dovvnvvard 
even though the region of high current and high luminosity 
moves upvvard. Eventually, in some thousandths of a second, 
the coulombs of charge vvhich vvere on the leader channel 
have all flovved into the ground. The current at ground 
associated vvith this charge transfer is shovvn in Fig. 5.7. Since 
the return stroke channel is a good conductor and is tied to 
the ground, it vvill become positively charged like the ground 
in response to the negative charge in the lovver part of the 
cloud. 

ı It is the return stroke that produces the bright channel of 
high temperature (Chapter 11) that vve see. The eye is not 
fast enough to resolve the propagation of the return stroke 
and it seems as if all points on the channel become bright 
simultaneously. The reason vve do not visually detect the 
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stepped leader preceding a first return stroke is because the 
eye cannot resolve the time betvveen vvhen the vveakly 
luminous leader is formed and the bright return stroke 
illuminates the leader channel. The return stroke produces 
most of the thunder vve hear (see Chapter 12). 

After the stroke current has ceased to flovv, the lightning 
flash may be ended, in vvhich case the discharge is called a 
single-stroke flash. As noted in Chapter 5, most flashes 
contain three or four strokes, typically separated by gaps of 
40 or 50 thousandths of a second. Strokes subsequent to the 
first are initiated only if additional charge is made available 
to the top of the previous stroke channel less than about 100 
thousandths of a second after current has stopped flovving in 
the previous stroke. Additional charge can be made available 
to the channel top by the action of electrical discharges (so 
called K-szreamers and /-streamers) vvhich move upvvard from 
the top of the previous return stroke into higher areas of the 
N-charge region of the cloud (Fig. 9.3). VVhen this additional 
charge is available, a continuous (as opposed to stepped) 
leader, knovvn as a dart leader, moves dovvn the defunct 
return stroke channel again depositing negative charge from 
the N-region along the channel length. The dart leader thus 
sets the stage for the second (or any subsequent) return 
stroke. The dart leader”s earthvvard trip (Fig. 9.4) takes a fevv 
thousandths of a second. Because it occurs so close in time to 
the return stroke, it is not seen by the eye. To special 
cameras it appears as a luminous section of channel about 50 
yards long vvhich travels smoothly earthvvard at about 1000 
miles per second. The dart leader generally deposits some- 
vhat less charge along its path than does the stepped leader, 
vyith the result that subsequent return strokes generally lovver 
less charge to ground and have smaller currents (Fig. 5.7) 
than first strokes. 

The first stroke in a flash is usually strongiy branched 
dov/nvvard because the stepped leader is strongly branched 
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(Figs. 9.1 and 9.2). Dart leaders generally follovv only the 
main channel of the previous stroke and hence subsequent 
strokes shovv little branching (Fig. 9.4). 

The time betvveen strokes vvhich follovv the same path can 
be tenths of a second if a continuing current (Chapter 5) 
flovvs in the channel betvveen strokes. Apparently, the 
channel is ripe for a dart leader only after the continuing 
current has terminated. 

A typical cloud-to-ground discharge lovvers about 25 
coulombs of negative charge from the N-region of the cloud 
to the earth. This charge is transferred in a fevv tenths of a 
second by the three or four component strokes and any 
continuing current vvhich may flovv. V/hile the leader-return 
stroke process transfers charge to ground in tvvo steps (charge 
is put on the leader channel and then is discharged to 
ground), the continuing current represents a relatively steady 
charge flovv betvveen the N-region and ground. 


Fig. 9.3. K-streamers and İ-streamers i i 
: making more negative charge 
available to the channel top during the 50 thousandths or a second “ə 


so follovving the cessation of cu i i 
i rrent flovv in the first r 
Scale of dravving is distorted. hədə 
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Fig. 9.4. Dart leader and subsequent return stroke. (a)-(c) Dart leader 
deposits negative charge on defunct first-stroke channel during its 
thousandth-of-a-second trip to ground. (d)-(e) Subsequent return stroke 
propagates from ground to cloud in about 100 millionths of a second. 
Scale of dravving is distorted. 


Thus far in this chapter vve have discussed the usual 
stepped leader vvhich lovvers negative charge betvveen the 
cloud and the earth. Occasionally dovvnvvard-moving stepped 
leaders are observed that lovver positive charge. Currents due 
to the resulting “positive” return strokes have been measured 
directly during discharges to instrumented tovvers. Positive 
strokes are characterized by rates-of-rise of current at the 
ground roughly five times slovver than those for typical 
negative strokes, and by charge transfers roughly three times 
greater than those of typical negative strokes. The maximum 
measured charge transfer due to a positive stroke is 300 
coulombs. Positive strokes are probabiy initiated betvveen the 
P-charge region of the cloud and ground vvhen strong vvinds 
blovv the cloud such that the P-region is brought relatively 
close to a mountain side or to the earth”s surface. Positive 
discharges rarely consist of more than one stroke. 
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Hovv Long And Hovv Vide 1s The Lightning 
Channel? 


V/hy Is Lightning Zig-Zag ? 


Hovv Can 1 Best Photograph Lightning? 


Let”s begin vvith “hovv long”. Channels longer than 90 miles 
have been observed (Ref. 10.1). On the other hand, sparks of 
a fevv yards length have been seen in and around clouds, and 
probably even shorter “lightning” exists. 

There are basically four vvays of determining channel 
length. (1) The most straightforvvard vvay is by photo- 
graphing lightning and then determining its length from the 
photograph. Since channels inside clouds cannot be photo- 
graphed, the value of this technique for determining channel 
length is somevvhat restricted. (2) Radar has been used to 
measure channel length. A radar set sends out electro- 
magnetic pulses vvhich are reflected back by certain obiects 
(e.g., metallic airplanes). Since the pulses travel at 186,000 
miles per second, measuring the elapsed time betvveen the 
emission of a pulse and the reception of its reflection enables 
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the distance to the reflector to be measured. An actual radar 
set has a TV-like screen on vvhich appears images of the 
reflecting obiects. A lightning channel is a good conductor 
and hence reflects radar pulses much as an airplane does. 
Radar vvavelengths can be chosen to minimize reflection of 
radar pulses by the ice and vvater in clouds so that a good 
image of the lightning channel can be obtained on the radar 
screen. (3) Channel lengths can be determined from the 
duration of thunder. The minimum possible channel length 
associated vvith a thunder duration of T seconds is roughiy 
T/5 miles (see Chapter 12). For example, if thunder lasts 20 
seconds, the channel producing it has a length of about 4 
miles or more. (4) Finally, there are a number of vvays of 
determining lightning channel height vvithin a cloud from 
electrical measurements made on the ground (Ref. 10.2). 
Charge motion in the lightning channel or in the cloud vvill 
induce voltages and currents in ground-based instruments 
enabling properties of the channel and cloud charge to be 
determined. For example, the vertical height of the /- 
streamers and K-streamers occurring in the cloud betvveen 
strokes (Fig. 9.3) can be determined from electrical measure- 
ments made at ground. 

Novv that vve knovv hovv channel lengths are measured, let”s 
İook at the results of the measurements. The average vertical 
stroke height is about 3 to 4 miles. The maximum vertical 
extent of the usual stroke to ground is the top of the 
N-charge region, a height of 6 miles or more. Each stroke in a 
multiple-stroke flash averages about a third of a mile longer 
than the preceding one. This is the case because, in order to 
obtain negative charge for a nevv stroke, /-streamers and 
K-streamers tap nevv areas of the N-charge region of the cloud 
(Figs. 8.3 and 9.3) during the time betvveen strokes, and 
these tapped regions become part of the nevv stroke. The 
horizontal component of the lighitning channel vvithin a cloud 
or through several clouds may be larger than the vertical 
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component. Horizontal sections of 5 to 10 miles vvithin 
clouds are not uncommon. Radar studies have shovvn 
horizontal channels longer than 90 miles (Ref. 10.1). Long 
horizontal channels must feed on the charge of many 
thundercloud cells. In addition to cloud-to-ground discharges 
vvith long horizontal in-cloud components or similar long 
intracloud or cloud-to-cloud discharges vvhich do not reach 
ground, long lightning discharges have occasionally been 
observed to occur from the tops of thunderclouds upvvard 
(Ref. 10.2). These vertical air discharges may be tens of miles 
in length. 

V/hen vve speak of the length of lightning, vve normally 
picture long sections of the channel as being fairly straight. 
Photographs shovv, hovvever, that the channel is very tortuous 
on almost any scale. There are zigs and zags 100 yards long 
and, vvithin these, other zigs and zags 10 yards long, and 
vvithin these yet smaller zigs and zags (Refs. 10.3, 10.4, 
10.5). Very detailed photographs have shovvn lightning 
channels that tvvist and bend on a distance scale measured in 
inches (Ref. 10.5). Figure 10.1 shovvs a section of a lightning 
channel vvith a height of about 1000 yards: Fig. 10.2 shovvs 
about 200 yards of channel: Fig. 10.3 about 10 yards. If vve 
could grab a long section of the channel and pull on both 
ends to straighten it out, the channel section might vvell be 
tvvo or more times longer than vve initially thought. 

Lightning diameter measurements have been made in tvvo 
vvays: (1) by examining the interaction betvveen lightning and 
obiects and (2) from photographs. Photographic measure- 
ments of lightning almost alvvays overestimate the luminous 
diameter of the channel: the bright channel overexposes the 
film making the recorded image broader than it should be. It 
is extremely difficult to expose a lightning channel photo- 
graph properly. The best channel diameter photographs (Ref. 
10.5) yield diameters of betvveen about 2 and 7 in., and these 
values are probably overestimates. Lightning photography is 
discussed again at the end of this chapter. 


Fig. 10.1. About 1000 vertical yards of lightning channel near Tucson, 
Arizona (Ref. 10.4). Note the large scale channel tortuosity. (Courtesy, 
H. B. Garrett and A. A. Fevv, Rice University) 
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VVhen lightning hits an obiect such as a tree or a rock, it 
leaves visible damage. 1n many cases the damage can be 
related to channel diameter. Taylor (Ref. 10.6: see also 
Chapter 5) found that the lightning-caused furrovvs that spiral 
along tree trunks are betvveen about 0.6 and 5.0 in. vvide. The 
lightning diameter, therefore, must be roughly this size or 
smaller. If it vvere much bigger, it is hard to see hovv it could 
create the furrovvs. 

VVhen lightning strikes sand or certain kinds of rocks, the 
channel heat melts the material along its path. VVhen the 
melted material solidifies, the resulting fu/gurite (from the 
Latin fulgur, meaning lightning) represents a permanent 
record of the lightning diameter and path. Fulgurites in dry 


Fig. 10.2. Bottom portion of the split channel shovvn in Figure 10.1 
(Ref. 10.4). Vertical height shovvn is about 200 yards. Tortuosity on a 
scale smaller than 10 yards is evident. (Courtesy, Leon E. Salanave, 
University of Arizona) 
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sand are generally long hollovv tubes vvith corrugated glassy 
vvalls. An artificial fulgurite produced by an electrical 
discharge in the laboratory is shovvn in Fig. 10.4. Fulgurites 
have been traced dovvnvvards into sand as much as 20 yards. 
Diameters are usually 0.5 to 2 in. From the corrugated 
appearance of fulgurite vvalls, it is probable that the initial 
diameter collapses somevvhat on cooling. “Fossil” fulgurites 
250 million years old have been discovered (Ref. 10.7). The 


Fig. 10.4. Artificial fulgurites produced by P. L. Bellaschi, VVesting- 
house Electric Corporation, by allovving an electrical discharge to pass 
fa through quartz sand. The hollovv tubes of solidified sand are close 
Fig. 10.3. One frame from a high-speed movie of lightning striking a replicas of natural fulgurites. 

TV tovver near Tucson, Arizona (Ref. 10.5). About 10 yards of channel 

are shovvn and tortuosity on an inch scale is evident. (Courtesy, VV. H 


Evans, University of Arizona, and R.L ) i i i 
ilməyə ələri ğ . L. VValker, University of Florida, 
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fulgurite diameter probably does not differ much from the 
lightning diameter. 

The author has measured lightning diameters by allovving 
lightning to pass through Fiberglas screens on the vvay to 
ligshtning rods and then measuring the size of the holes 
melted in the screen by the lightning (Ref. 10.8). The screens 
covered rods on the tops of tovvers near Tucson, Arizona and 
near Lugano, Svvitzerland. About 50 holes vvere obtained. 
Figure 10.5 shovvs typical lightning holes. Diameters vvere 
usually about an inch or smaller and sometimes vvere as small 
as a sixteenth of an inch. Hole diameters represent the vvidth 
over vvhich the lightning channel is hot enough for sufficient 
time to melt or vaporize the screen. 

VVhen lightning strikes an electrical conductor such as a 
lightning rod or an airplane vving, it often leaves a spot 


Fig. 10.5. Holes melted in tuvo Fiberglas screens by lightning. At least 


four strokes passed through the screen on th 
e left. O k 
through the screen on the right. ex imi 


CHAPTER TEN 89 


(sometimes a raised lump, sometimes a depression) about an 
eighth of an inch vvide. Examples of such spots on three 
copper disks are shovvn in Fig. 10.6. The size of a lightning 
spot is roughly the diameter of the lightning channel vvhen it 
enters the conductor. At the contact point the lightning 
current must flovv through a mixture of metal vapor and air, 
vvith the result that its diameter is smaller than in the 
metal-free air avvay from the conductor. Thus, spot sizes on 
conductors provide a lovver diameter limit. It should be noted 
that a large lightning current flovving for a relatively long 
time may do considerably more damage to a conductor than 
ust a spot. A hole may be burned (Figs. 4.1-4.3) or the 
conductor may be totally melted or vaporized. 

Based on all the available evidence, the lightning channel 
diameter is of the order of an inch. Hovvever, for tvvo reasons 
there is some ambiguity concerning vvhat is meant by 
lightning diameter. First, there is no definite boundary 
betvveen the stroke and the air surrounding the stroke: 
second, the diameter must change vvith time in response to 
the changing current. 


Fig, 10.6. Spots produced by lightning strikes to three copper disks 
vvhich vvere placed on top of TV tovvers near Tucson, Arizona, The 
center disk vvas apparently hit by three lightning strokes, one of vvhich 
raised a one-eighth inch lump. The disk on the right exhibits a copper 
lump apparently formed as the lightning channel moved back and forth 
across the disk. 
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V/hy is the lightning channel so tortuous? The ansvver is 
not knovvn, but some reasonable guesses may be made. The 
larger-scale tortuosity in the channel (representing, say, tens 
of yards or more) is due to the fact that the stepped leader 
makes such an errant trip to ground. Vhy does it do this? 
Possibly various airborne regions of charge (space charge, see 
Chapter 6) divert the leader on its trip. More likely, the 
leader iust doesn”t knovv exactly vvhere it vvants to go, except 
that ultimately it vvants to move dovvnvvard. The smaller- 
scale tortuosity in the channel may be formed vvhen the 
leader steps are formed, or may be formed by action of the 
magnetic forces associated vvith the return stroke current. As 
is probably becoming more and more apparent vvith each 
succeeding chapter in this book, there is an avful lot vve still 
don”t knovv about lightning. 

Since vve have discussed in this chapter the use of 
photography as a scientific tool to determine lightning 
channel parameters, it is appropriate to say a fevv vvords 
about hovv to take lightning photographs. There are basically 
İv/o vvays to photograph lightning using ordinary cameras 
vvith no special attachments: (1) by time exposure until the 
lightning occurs and is over, and (2) by snapping the camera 
shutter (set at 1/30 sec or slovver) vvhen the lightning is first 
seen. 

(1) The camera is put on a tripod or other firm base, 
pointed in the direction of the storm, and the shutter is left 
open (time exposure) until lightning occurs in the field of 
vievv. Of course, it must be nighttime, othervvise the film vvill 
be immediately fogged. The length of time the shutter can 
remain open vvithout appreciable fogging of the film depends 
on the ambient light level. Avvay from city lights vvith a film 
speed of ASA-100 (roughly the speed of Kodak Plus-X black 
and vvhite film or Kodacolor-X color film) and an aperture 
opening of f/11, several minutes are possible. Camera focus 
should be set at infinity. Since there are several lighitning 
strokes to ground during each minute of the electrically 
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active period of a storm (Chapter 7), it is not difficult to 
obtain photographs. (2) If the lightning flash to be photo- 
graphed consists of only one stroke, your reflexes vvill not be 
fast enough to fire the shutter in time to record the flash. 
Hovvever, if it is a multiple-stroke flash, as most flashes are, 
you vvill record a subsequent stroke .or...strokes, ..Since 
subsequent strokes occur at intervals off 1Y/1:Y/ 72 22-1: 280 Çİ). 
second, a shutter speed of 1/30 second of"siəvvər is Həcossary 
to avoid taking a picture of vvhat goes on betvveen strokes. 
Since subsequent strokes are generally unbranched (Chapter 
9), the photographed lightning vvill be unbranched and vvill 
look somevvhat peculiar. Again, for a film speed of ASA-100 
try an aperture of f/ 11 vvith the focus set at infinity. 

The tvvo basic techniques for photographing lightning can 
be improved by using special equipment vvith ordinary 
cameras. (1) Time exposures of lightning in daylight are 
possible if the proper filter is used (Refs. 10.9, 10.10). Light 
from the sun is vveak at a vvavelength of 6563A” (in the red) 
because hydrogen in the sun”s outer layers absorbs that 
vvavelength, the so-called Hg line. Hydrogen is present in the 
lightning channel due to the high-temperature break-up of 
vvater vapor (H, O). Since hydrogen in the lightning channel 
radiates at 6563 A (Hg) (see Chapter 11), it follovvs that an 
Ho filter that passes only light near this vvavelength both 
allovvs the channel to be photographed and prevents rapid 
film fogging by daylight. For maximum effectiveness, the 
film used should have good red sensitivity. Kodak Linagraph 
Shellburst is perhaps the best for the purpose. In cloudy 
vveather at f/11, a daytime exposure of several minutes 
should be possible vvithout excessive film fogging. A 2x2 in. 
Hg filter vvith a bandvvidth of about 40 A costs about $200. 
(2) Triggering the camera shutter can be accomplished vvith 
instruments that respond to the electrical signals generated in 


“One A (Angstrom) equals one ten-billionth of a centimeter. There are 
ki 
2.54 centimeters to the inch. 
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the cloud or by the stepped leader prior to the first return 
stroke (Refs. 10.11, 10.12). In this vvay the first stroke can 
be photographed. Essentially, the shutter is tripped by a 
solenoid coupled to a radio antenna and appropriate 
electronics. 


REFERENCES 


1041. Ligda, M., The Radar Observation of Lightning, /. Atmos- 
pheric Terrest. Phys., 9, 329-346 (1956). 

10.2. Uman, M. A.,, Zightning, McGravv-Hill Book Company, Nevv 
York, Nevv York, 1969, pp. 2, 81-85. 

10.3. Hill, R. D., Analysis of İrregular Paths of Lightning Channels, 
/. Geophys. Res., 73, 1897-1906 (1968). 

10.4. Fevv, A. A,, H. B Garrett, M. A. Uman, and L. E. Salanave, 
Comments on Letter by V. V. Troutman “Numerical Cal- 
culation of the Pressure Pulse from a Lightning Stroke,, //. 
Geophys. Res., 75, 4192-4195 (1970). 

10.5. Evans, V. H., and R. L. Valker, High Speed Photographs of 
G9cəyə at Close Range, //. Geophys. Res., 68, 4455-4461 

10.6. Taylor, A. R., Diameter of Lightning as Indicated by Tree 
Scars, /. Geophys. Res., 70, 5693-5695 (1965). 

10.7. Harland, V/. B., and Y. L. F. Hacker, “Fossil” Lightning Strikes 
257” Years Ago, Advancement of Science,22, 663-671 

10.8. Uman, M. A.,, The Diameter of Lightning, /. Geophys. Res., 
69, 583-585 (1964). 

10.9. Salanave, L. E., and M. Brook, Lightning Photography and 
Counting in Daylight, Using Hç Emission, /. Geophys. Res., 
70, 1285-1289 (1965). 

10.10. Krider, E. P., Comment on Paper by Leon E. Salanave and 
Marx Brook, “Lightning Photography and Counting in Day- 
light, Using Ho Emission,” /. Geophys. Res., 71, 675 (1966). 

10.11. Schonland, B. F. 1., and 1. S. Elder, Anticipatory Triggering 
Devices for Lightning and Static Investigations, ,/. Franklin 
İnst., 231, 39-47 (1941). 

10.12. Havve, R. G., Electrostatic Trigger Used for Daylight Lightning 
Photography, Photographic Science and Engineering, 12, 
219-221 (1968). 


elnaıpberr 
eləyəm 


Hovv Hot Is Lightning ? 


The lightning return stroke is more than four times hotter 
than the surface of the sun. The peak temperature of 
lightning is greater than 50,000”F. The surface of the sun has 
a temperature of about 11,000”F. 

Exactly hovv hot the lightning return stroke channel gets is 
not knovvn. The best peak temperature measurements made 
to date represent the average temperature existing during a 
time interval of a fev, millionths of a second. For time 
varying systems, average values are necessarily less than peak 
values. For example, the lightning temperature could be very 
high for a fevv billionths of a second and relatively lovv for 
the remainder of the millionths-of-a-second measuring time 
interval. The resultant average temperature vvould then be 
close to the lovv value. Lightning temperature has been 
determined by examining the characteristics of the light 
emitted by the channel. 
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The lightning channel is composed of very hot air. Air at 
room temperature is made up primarily of nitrogen and 
oxygen molecules. A nitrogen molecule consists of tuvo 
ioined nitrogen atoms: an oxygen molecule of tvvo ?oined 
oxygen atoms. The nitrogen atom has a core or nucleus 
containing seven positively-charged particles (protons) and 
seven uncharged particles (neutrons). Orbiting the nucleus at 
relatively large radii are seven negatively-charged electrons. 
(The electrons circle the nucleus much as the earth and other 
planets circle the sun.) The oxygen atom consists of eight 
protons, eight neutrons, and eight electrons. As the tempera- 
ture of air at atmospheric pressure is increased above room 
temperature to about 12,000”F, the heat causes the mole- 
cules to break apart into atoms. Vith a further increase in 
temperature to about 30,000”F each atom loses one of its 
electrons, and vvith higher temperatures still (say above 
60,000”F), more electrons are lost. An atom vvhich has lost 
an electron or electrons is called an ion. If one electron is 
lost, the atom is said to be singly ionized: if tvvo, doubly 
ionized, and so on. The lightning channel is composed 
primarily of nitrogen atoms and ions, oxygen atoms and ions, 
and free electrons. Hovv do vve knovv this? 

If sunlight is passed through a prism, the light is 
decomposed into its component colors or spectrum. (The 
rainbovv is the sun”s spectrum produced by vvater droplets.) 
Sunlight is composed of a range of colors varying in hue 
continuously from red to orange to yellovv to green to blue 
to violet. Incandescent solids (e.g., tungsten filaments) or 
incandescent gases at very high pressure or occupying large 
volumes (e.g., the sun) produce continuous spectra, that is, 
light vvhich includes all colors. Luminous gases at lovver 
pressure or occupying small volumes (e.g., the lightning 
channel) produce spectra vvith “lines” at characteristic 
vvavelengths. A given molecule, atom, or ion is capable of 
emitting radiation only at specific vvavelengths vvhich are 
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different for different kinds of particles. Each molecule, 
atom, or ion has its ovvn unique radiation “signature” by 
vyhich it can be positively identified. For example, in the 
visible vvavelength region a nitrogen atom radiates primarily 
one red spectral line vvhile a nitrogen ion radiates primarily a 
number of blue lines. VVe can get a rough idea of the 
temperature of air by determining from the radiation emitted 
by the air vvhether it is predominantly composed of 
molecules, atoms, or ions. A more exact determination can 
be made by examining the intensities of the characteristic 
spectral lines from a given molecule, atom, or ion. 

A spectrometer is an instrument that disperses the light 
from a source so that characteristics of the component 
spectrum can be measured. The dispersion is effected by 
either a prism or a diffraction grating. A dravving of a 
lightning spectrometer is shovvn in Fig. 11.1. Light from the 
lightning channel passes through the transmission diffraction 
grating and is split into its spectral components. These 
components as vvell as an undiffracted image of the lightning 
channel are focused by a lens onto the channel isolator slit 
assembly. For illustrative purposes, the lightning in Fig. 11.1 
İS assumed to contain only three spectral lines: a red, a green, 
and a blue. Note that each of the spectral lines has the shape 
of the lightning channel from vvhich it came. If a stationary 
piece of photographic film vvere put in front of the channel 
isolator slit assembly, a photograph like that in Fig. 11.2 
vvould be obtained. The photograph shovvn vvas taken by 
placing an inexpensive transmission gratingT over the lens of 
a 35 mm canera vvhile taking a time exposure (see Chapter 
10) until lightning occurred. In Fig. 11.2, the red line to the 
far left (the Ho line discussed in the previous chapter) is 
emitted by hydrogen atoms present in the channel due to the 
break-up of vvater vapor (H, O). Some vvater vapor is alvvays 


TA page-size sheet of diffraction grating can be purchased for a fevv 
dollars. One supplier is Edmund Scientific Co., Barrington, N.V. 
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present in the air, quite a lot may be present during a 
thunderstorm. The red line iust to the right of the hydrogen 
line is emitted by nitrogen atoms. Most of the remaining lines 
are emitted by singly ionized nitrogen atoms. 

Spectra such as that in Fig. 11.2 yield no information 
about vhat is happening in the lightning channel as a 
function of time, since all the light of a given vvavelength is 
recorded at the same place on the film no matter vvhen it is 
emitted by the channel. Vith the help of Fig. 11.1 vve see 
hovv to obtain time-resolved lightning spectra. The channel 
isolator slit allovvs the spectrum emitted by a short section of 
the ligəhtning channel to fall on a piece of moving film at the 
back of the slit. Thus the spectrum is streaked out in time on 
the moving film. In the example shovvn, the green line 
appears at the earliest time follovved by the blue and then the 
red lines. A time-resolved spectrum of a long spark in air is 
shovvn in Fig. 11.3 (Ref. 11.1). All existing time-resolved 
lightning spectra have been taken on black and vvhite film 
since it permits much easier intensity measurements. Ob- 
taining lightning spectra is too difficult a iob to vvaste a 
spectrum by taking it on color film. The spark and lightning 
spectra differ primarily in that the lightning spectrum is 
stretched out three to five times longer than the spark 
spectrum (Ref. 11.1). For example, a nitrogen ion spectral 
line might last 5 millionths of a second in the spark, vvhereas 
for a typical lightning stroke it might last 20 millionths of a 
second. 

From measurements of the intensities of the various 
spectral lines and use of appropriate theory, channel tempera- 
ture can be determined as a function of time (Refs. 11.2, 
11.3). A graph of typical lightning return stroke temperature 
vs. time is shovn in Fig. 11.4. The peak temperature 
measured is about 55,000”F. The actual peak temperature 
could be higher as vvas previously noted. The temperature 
falls to about half of peak value in about 30 millionths of a 
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Fig. 11.2. Lightning spectrum as might be obtained by putting sta- 
tionary photographic film in front of the channel isolator slit assem- 
biy of Fig. 11.1. Actually, the photograph vvas taken by placing an 
inexpensive diffraction grating in front of the lens of a 35 mm camera. 
(Courtesy, Richard E. Orville, State University of Nevv York at 
Albany) (Reproduced in color on inside front cover) 
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second. For a current of about 100 amperes in the lightning 
channel (associated vvith the return stroke current tail or vvith 
a continuing current — Fig. 5.7) the temperature vvill be 
roughiy 15,000 to 20,000”F. VVhen the stroke current stops, 
the channel cools to a fev/ thousand degrees in hundredths of 
a second (Ref. 11.4). 

The temperature of one stepped-leader has been measured 
spectroscopically (Ref. 11.5). The peak temperature asso- 
ciated vvith the leader step vvas about 50,000?F. Temperature 
in the channel behind the step decreased vvith distance up the 
channel and vvas roughly 25,000”F five step lengths beyond 
the step. 

In addition to allovving a determination of the channel tem- 
perature and of the types of particles in the channel, quanti- 
tative spectroscopy allovvs the number densities of all the chan- 
nel particles to be measured. For example, it has been deter- 
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Fig. 11.4. Typical lightning return-stroke temperature as a function of 
time. (Ref. 11.2). 
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mined that there are over 1,000,000,000,000,000,000 free 


electrons per cubic inch in the lightning channel (Refs. 11.2, 
11:3): 

Also, spectroscopy permits the pressure in the lightning 
channel to be determined as a function of time. İt is the 
initial high channel pressure (possibly more than 100 times 
atmospheric pressure) caused by the initial high channel 
temperature vvhich produces the thunder vve hear. Ve vvill 
consider channel pressure and the resultant thunder gener- 
ation in the next chapter. 
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Hovv 1s Thunder Generated? 


Hovv Can İt Be Used To Measure The Distance 
And Length Of The Lightning Channel? 


Throughout recorded history there has been a succession of 
interesting vievvs on the origin of thunder. Aristotle, in the 
fourth century B.C., believed that thunder vvas the noise 
created vvhen “dry exhalation” forcibly efected from a 
cooling cloud struck the surrounding clouds — “dry ex- 
halation”, according to Aristotle, being one of the con- 
stituents of air (Ref. 12.1). VVe knovv novv that there is no 
such substance. İInterestingly, Aristotle thought that the 
origin of thunder preceded that of lightning and that the 
latter vvas a ““burning vvind” produced after the impact of the 
“dry exhalation” on a surrounding cloud. Lucretius, in the 
first century B.C., vvrote that thunder vvas produced by 
clouds banging together (Ref. 12.2). In 1637 Descartes, the 
mathematician after vvhom the cartesian coordinate system is 
named, suggested that thunder vvas an organ-pipe effect: that 
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thunder vvas due to a resonance of the air betvveen tvvo 
clouds occurring vvhen a higher cloud descended upon a 
lovver cloud (Ref. 12.3). 

AlI of these early theories erroneously associated thunder 
vith clouds rather than vvith the lightning channel. Later 
speculation regarding the origin of thunder generally asso- 
ciated thunder vvith the lightning channel. For example, 
Beniamin Franklin vvrote in 1749 (see Chapter 1) that 
lightning and laboratory sparks vvere similar in that they both 
gave a “crack or noise in exploding”. The correct meaning for 
Franklin” s “exploding” vvas not generally agreed upon until 
the tvventieth century. In the mid-nineteenth century the 
accepted theory seems to have been that lightning produced a 
vacuum along its path, and thunder resulted from the 
subsequent motion of air into the vacuum. Tvvo other 
theories that achieved some respectability involved (1) the 
chemical explosion of gaseous materials created by the 
lightning, and (2) the creation of steam explosions along the 
heated lightning path. One of the first adequate descriptions 
of the origin of thunder vvas published by M. Hir in 1888 
(Ref. 12.4). 

The thunder vve hear is, in fact, created in the follovving 
vvay: The return stroke rapidly deposits a large amount of 
energy along the leader channel. That channel is heated by 
the energy input to above 50,000” F (see Chapter 11). 
Heating of a short section (say 10 yards) of channel takes 
only millionths of a second and hence the channel section has 
no time to expand vvhile it is being heated. Air heated from 
room temperature or from a leader temperature of a fevv 
thousand degrees to above 50,000?F vvithout having time to 
expand attains a pressure considerably in excess of normal 
atmospheric pressure (1 atmosphere). The initial pressure of 
the return stroke channel is definitely in excess of 10 
atmospheres and may be 100 atmospheres or more. The high 
pressure channel rapidly expands into the surrounding air 


CHAPTER TVVELVE 105 


(initially at atmospheric pressure) and compresses it. This 
disturbance of the air propagates outvvard in all directions. 
For the first ten yards or so it propagates as a s/ock vvave (a 
maior disturbance in the air vvhich travels faster than the 
speed of sound) and after that as an ordinary sound vvave 
(small compressions and expansions of the air density). The 
sound pulse from a short section of lightning channel lasts 
less than 0.1 seconds and travels at about 1090 ft/second 
(about 0.21 miles/second) at sea level. The thunder vve hear, 
then, is the pressure variations induced in the air by the 
expansion of each part of the lightning channel (main 
channel and branches) due to its initial high pressure. 

Since sound travels about a foot in a thousandth of a 
second and the return stroke heats the entire lightning 
channel in less than a thousandth of a second (see Chapter 9), 
for all practical purposes each point on the lightning channel 
can be considered to emit a pulse of sound (or a shock vvave) 
at the same time. Because light emitted by the return stroke 
channel travels avvay from the channel at 186,000 miles/ 
second (or a mile in about 5 millionths of a second), vve see 
light almost simultaneously vvith channel formation, but the 
sound of the thunder from that channel frequently takes 
many seconds to reach us. The initial thunder heard comes 
from the point on the lightning channel nearest to the 
observer. The last sound (excluding echoes) comes from the 
point farthest avvay. In Fig. 12.1, a 2-mile long intracloud 
discharge is oriented along the line of sight. VVe assume 
(direct evidence is lacking) that sound generation by the 
intracloud discharge occurs essentially simultaneously at all 
points on the channel as it does vvith the ground discharge. 
From the time it takes for the first sound to arrive, vve can 
establish the distance to the nearest point on the channel. 
The first sound, traveling about 0.21 miles/second, arrives 
from the nearest channel point in about 13.5 seconds, 
multiplying these tvvo figures provides the distance to the 
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Fig. 12.1. Intracloud lightning flash and its thunder. 
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nearest point on the channel — 2.8 miles. (In other vvords, if 
the time until the thunder arrives is T, the distance to the 
channel section producing the thunder is roughly T/5, the 
formula given in Chapter 10.) Sound from the far end of the 
channel, 4.8 miles avvay, arrives about 23 seconds after the 
channel is created, ending the thunder. The duration of the 
thunder is about 9.5 seconds, from vvhich vve can establish 
the channel length (channel length in miles “ 9.5 seconds x 
0.21 miles/second ). The result represents the actual channel 
length only if the channel is oriented along the observer”s line 
of sight. Othervvise it is an underestimate of the true length 
(that is, the true length is longer than the calculated value) as 
vve can see by reference to Fig. 12.1 and 12.2. 

In Fig. 12.2, a 2-mile long channel to ground produces 
sound from its base vvhich arrives at the observer 2 miles 
from the base in about 9.5 seconds (2 miles “ 9.5 seconds x 
0.21 miles/second). Sound from the top of the channel, 2.8 
miles avvay, arrives in about 13.5 seconds and thus the total 
thunder duration is about 4.0 seconds. By measuring only the 
thunder duration vve can conclude that the minimum channel 
length that could have produced the thunder vvas 4.0 seconds 
x 0.21 miles/second “ 0.84 miles. The true channel length, 2 
miles, is of course longer than the calculated minimum value. 
Sometimes actual thunder durations are as long as a minute 
(minimum channel lengths of over 10 miles). 

To summarize, from a measurement of the time of arrival 
of the first sound of thunder vve can determine the distance 
to the closest point of the lightning channel, and from the 
thunder”s duration vve can determine a minimum length for 
the channel. In both cases a distance is derived by multi- 
plying the appropriate time interval by the speed of sound. 
This is the case even if the channel under consideration is not 
straight, as the reader may easily prove to himself. It is vvorth 
noting that a visible channel to ground may be much farther 
avvay than its thunder vvould indicate if the in-cloud part of 
the lightning channel passes overhead. 
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Fig. 12.2. Cloud-to-ground lightning flash and its thunder. 
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Thunder is generated by each of the return strokes in a 
multiple-stroke flash. Since the time betvveen the first and 
last strokes may be a fevv tenths of a second, the thunder 
duration may be increased by a fevv tenths of a second over 
the time taken for sound to arrive from different ends of the 
channel. The error made in computing minimum channel 
lengths due to this effect is not important. İt should be noted 
that the last stroke in a multiple-stroke discharge usually has 
the greatest length (see Chapter 10), and hence produces the 
longest lasting thunder. İt is therefore the length of the final 
stroke that is measured. 

In addition to thunder produced by return strokes, sound 
is also produced by stepped leaders and dart leaders. Leader 
thunder is relatively vveak compared vvith that produced by 
return strokes. 

VVhy does thunder sound like it does? VV/hy does it rumble, 
roll, peal, and clap? Tvvo factors must be considered: the 
intensity or loudness of the sound, and its pitch or 
frequency. VVe look first at the loudness. If a section of the 
tortuous lightning channel is perpendicular to the observer s 
line of sight, all points on that section vvill produce sound 
that arrives almost simultaneously at the observer, and the 
result is a high-intensity sound — a peal or a clap. İf a channel 
section is along the observer”s line of sight (as vvith the vvhole 
channel in Fig. 12.1), the sound arrival times from various 
points on the channel vvill be spread out, resulting in a 
lovv-intensity sound — a rumble or a roll. Channel tortuosity 
enhances the rumbling effect. Typical thunder consists of 
rumble and roll on vvhich three or four peals or claps are 
superimposed. 

Novv to pitch. As vve have seen, thunder generation is 
similar to an explosion. As everyone knovvs, small explosions 
(e.g., small firecrackers) make a high pitched sound vvhile 
large explosions (e.g., large aerial firevvorks or sticks of 
dynamite) make a lovv pitched sound. The larger the energy 
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input, the lovver the pitch. Thunder generally has a pitch, or 
frequeney, of about 50 eycles per second. From measure- 
ments of thunder pitch and use of appropriate theory, 
scientists have determined the energy input per unit length of 
lightning stroke channel (100,000 to 1.,000,000 vvatt-seconds 
per yard of channel length). Thunder pitch is influenced by 
tvvo additional factors: First, the lovver the air density for a 
given energy input to the lightning channel, the lovver the 
thunder pitch: this means that thunder from a channel at 
high altitude should have a İovver pitch than thunder from a 
channel near ground. Second, air filters out the higher pitches 
preferentially, so that the further avvay thunder is heard from 
its channel, the lovver should be its pitch. 

Thunder is seldom heard more than 15 miles avvay from a 
lightning channel. The reason is that, due to the effects of 
temperature and vvind variation vvith height, sound vvaves 
generally curve upvvard in the air under and surrounding 
thunderstorms. Thus, the thunder from a lightning channel 
passes over the head of an observer if he is more than about 
15 miles from the channel. If he climbed a tall enough ladder, 
he vvould hear the thunder. 

VVithin a fevv hundred yards of a lightning strike, the 
observer hears one loud (terrifying) bang possibly preceded 
by hissing or clicking or something similar to cloth tearing. 
The bang is the sound vvave from the channel base. No 
long-duration thunder is usually heard because, due to the 
upvvard curvature of the sound vvaves, the thunder from 
sections of the channel above the channel base pass over the 
observer”s head. The various sounds reported to occur before 
the loud bang may be due to the dovvnvvard-moving stepped 
leader, to upvvard-moving discharges attempting to meet the 


stepped leader, and/or to a general corona-discharge blanket 
at the ground. 
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Does Lightning Occur Vithout Thunder? 
Thunder Vithout Lightning? 


V/hat Is Heat Lightning ? Sheet Lightning? 


Ask a lot of people the question “Did you have lightning in 
your vicinity yesterday?” and, assuming there vvas lightning, 
at least one person vvill invariably ansvver “No lightning, but a 
lot of thunderl” Possibly, this is yust another vvay of saying 
that thunder vvas heard but lightning vvasn”t seen. More 
likely, the ansvver indicates that the person does not 
understand the relation betvveen lightning and thunder. 

VVe have seen in the previous chapter that the origin of 
thunder is the explosive expansion of the lightning channel 
follovving a rapid energy input to the channel. Since it is the 
lighining channel that creates the thunder, there can be no 
thunder vvithout lightning. But can there be lightning vvithout 
thunder? Strictiy speaking, no. Every electrical discharge, 
vyhen initiated, produces some noise. Hovvever, if vve ask 
v/hether there is lightning vvhose thunder may be inaudible a 
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relatively short distance from the channel, the ansvver is 
apparently yes. There have been lightning flashes reported to 
strike the VVashington Monument vvithout producing audible 
thunder, and flashes to the Empire State Building v/hich vvere 
reported to have produced a sound described as being the 
same as if a paper bag full of vvater had been dropped a short 
distance to the floor (Ref. 13.1). 

As noted in Chapter 6, lightning flashes to tall buildings 
are generally initiated by stepped leaders vvhich move upvvard 
from the building tops. The current in a structure-initiated 
flash rises slovvly to a peak current of a fevv hundred amperes 
and this lovv level of current typically flovvs for a fevv tenths 
of a second. Often this continuous current is punctuated by 
current peaks caused by return strokes vvhose leaders are 
initiated in the cloud and travel from cloud to building top 
dovvn the active channel. Sometimes no return strokes occur 
and the flash consists of only the lovv-level current. It is the 
upvvard-initiated discharge vvith no return strokes that might 
be expected to generate very little sound. Its current is small 
and increases slovvly compared to the current of a typical 
return stroke, the energy input is neither large nor rapid and 
thus cannot lead to the explosive channel expansion and 
typical thunder characteristic of the usual return stroke 
channel. 

V/hat about “heat lightning”? V/hy does it have no 
İhunder? Before vve ansvver this question, vve had better 
define vhat vve mean by “heat lightning”. In common 
terminology, heat lightning is the name given to the 
illumination of distant clouds close to the horizon vvhich 
occurs vvithout thunder and in the absence of a visible 
lightning channel. Heat lightning apparentİy is so named 
because it occurs on hot nights. The fact that it occurs on 
hot, generally humid nights is due simpiy to the fact that hot 
humid air near the ground is an ingredient in the thunder- 
storm recipe (see Chapter 7). The nocturnal thunderstorms 
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accused of generating heat lightning actually produce the 
usual intracloud and cloud-to-ground lightning flashes. The 
light from these flashes illuminates the clouds from vvithin 
and by reflection so that the clouds are easily seen even vvhen 
they are sufficiently far avvay (say 30 miles) that individual 
lightning channels cannot be discerned. Since thunder cannot 
generally be heard more than about 15 miles from a lightning 
channel (see Chapter 12), the distant heat ligəhtning produces 
no audible thunder. 

“Sheet lightning” is a close relative of heat lightning. Sheet 
lightning is the name given to the intracloud discharges vvhich 
light up a large cloud area simultaneously, giving the 
impression of a sheet of light. Sheet lightning may or may 
not produce audible thunder, depending on its distance from 
the observer. 
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Do Gushers Of Rain Follovv Thunder? 


Observers of thunderstorms, from antiquity to the present, 
have noted that a heavy gush of rain often reaches ground a 
minufe or tvvo after a lightning flash and its accompanying 
thunder (Refs. 14.1, 14.2). Since precipitation is believed 
necessary to provide a thunderstorm vvith its electrical charge 
(see Chapter 8), it could be argued that a rain gush occurring 
in the cloud provides the charge separation that causes the 
lightning. On the other hand, it could fust as vvell be argued 
that the lightning or its thunder modifies the character of the 
precipitation in the cloud in such a vvay as to cause a rain 
gush. Finally, it is also possible that both lightning and the 
rain gush are caused by some other effect or that it is only 
fortuitous that they appear to be related. Not until the 1960s 
did radar observations of the precipitation in clouds before 
and after lightning shovv that lightning and thunder precede 
the formation of the rain gush (Refs. 14.1, 14.2). 
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As long ago as 58 B.C., Lucretius vvrote that gushes of rain 
vvere caused by thunder. Modern proponents of this currently 
unpopular vievv suggest that the compression and rarefaction 
vvaves associated vvith the thunder accelerate some drops 
relative to others causing collisions betvveen the drops vvhich 
vvould othervvise not have occurred. The collisions allovv 
small drops to coalesce into bigger drops vvhich are heavy 
enough to fall out of the cloud as rain. İt is interesting to 
note that from radar measurements of clouds there is 
evidence to suggest that thunder can cause supercooled vvater 
droplets (vvater droplets belovv 32”F vvhich are not frozen) in 
the clouds to turn to ice (Ref. 14.3). Further, supercooled 
vvater droplets can be turned to ice ecrystals in the laboratory 
by the sound from a toy pop gun or by a bursting balloon 
(Ref. 14.4). The freezing mechanism involved in both the 
laboratory and the cloud may be the lovvering of the droplet 
temperature by the expansion of the air associated vvith the 
sound vvave rarefaction. 

Most investigators novv believe that the lightning/rain gush 
relation is electrical rather than acoustic. As seen in Chapters 
8 and 9, the top of the lightning channel is found in the 
N-region of the cloud. The N-charge resides on supercooled 
vvater and ice particles. Stepped and dart leaders are 
negatively charged, dravving their charge from the N-region. 
The return stroke drains the negative charge on the leader to 
the ground. After the return stroke has reached the top of 
the lightning channel, the vvhole channel, a good conductor 
tied to ground, becomes positively charged in response to the 
negative cloud charge above and around it. The leader-return 
stroke process results in a negatively-charged leader channel 
being replaced by a positively-charged channel in a time that 
is short compared to that in vvhich any of the surrounding 
negative cloud charge can move appreciably (Fig. 9.3a). If 
electrical effects cause the rain gush, the charged cloud 
particles must coalesce in response to the rapid change in the 
sign of the charge on the lightning channel. 
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The mechanism for coalescence most closely examined is 
that proposed by Bernard Vonnegut and Charles Moore 
(Refs. 14.1, 14.2, 14.5). They postulate that the cloud 
droplets in the immediate vicinity of the nevvly-completed 
return stroke channel acquire a net positive charge from the 
positively-charged channel. Since similar charges repel one 
another, the positively charged droplets fly avvay from the 
channel, initially at perhaps tens of yards per second, 
colliding and coalescing vvith the surrounding negatively- 
charged droplets. The initially-stationary negative droplets 
are attracted tovvard the moving positive droplets by virtue of 
their opposite charge, further increasing the collision rate. 
The positive droplets may travel about 10 yards, increasing in 
size all the time. The end result is a group of large vvater 
drops surfounding the channel. 

If the process fust described is to produce a rain gush, it 
must be operative over a reasonably large volume of the 
cloud. Vonnegut and Moore suggest that this is the case 
because the lightning channel in the cloud has a tree-like 
structure. A dravving of this structure is shovvn in Fig. 9.3. 
Some idea of the extent of the structure may be inferred 
from electrical discharges in insulating materials (the cloud is 
essentially an insulator). In Fig. 14.1 a photograph of a 
plastic block in vvhich a tree-like discharge has taken place is 
shovvn. The block vvas charged negatively by shooting high 
energy electrons into it. The tree-like discharge occurred 
vyhen a grounded electrode vvas placed at the edge of the 
block. Unfortunately, there is at present no direct evidence 
regarding the extent of the lightning channel structure in the 
cloud, and vve must avvait future lightning research to deter- 
mine its actual structure. 

Some of the gushes of precipitation that fall after lightning 
are in the form of hail (Ref. 14.2). VVhen a rain gush forms by 
a coalescence process at temperatures belovv 32”F, the drops 
may freeze as they become large and then continue their 
grovvth as hail particles. 
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VVhile most rain gushes are preceded by lightning, it does 
not follov/ that lightning invariably produces rain gushes. 
V/hether there is a rain gush or not depends, among other 
things, on the liquid vvater content of the cloud. If this is too 
lovv, heavy rain cannot form. 

Although it is possible for lightning to occur in the absence 
of appreciable precipitation, the tvvo usually go hand in hand. 
Recently the amount of rainfall reaching the ground near 
Tucson, Arizona has been correlated vvith the number of 
cloud-to-ground discharges (Ref. 14.6). These results and 
those of earlier studies shovv that the greater the number of 
lightning discharges, the greater the rainfall. (The clouds 
vyhich produce both the most rain and the most lightning are 
those of the greatest vertical extent.) From measurements of 


Fig. 14.1. Electrical breakdovvn in a plastic block. The tree-like struc- 
ture v/hich extends into the block may be similar to the lightning 
discharge structure extending from the top of the channel upvvard into 
the cloud. (Courtesy, Arthur D. Little, Inc.) 
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the amount of rainfall and the number of lightning flashes 
occurring near Tucson betvveen 1 and 6 p.m. on 52 days, it 
vvas determined that an average of about a thousandth of an 
inch of rain arrives at the ground for each cloud-to-ground 
lightning stroke observed. On 23 days of heavy rain (ex- 
ceeding 0.10 in.) there vvas an average of 175 cloud-to-ground 
lightning flashes per day. On 29 days of light rain (less than 
0.01 in.) there vvas an average of only three flashes per day. 


REFERENCES 


14.1. Moore, C. B., B. Vonnegut, 1. A. Machado, and H. 1. Survilas, 
Radar Observations of Rain Gushes Follovving Overhead 
Lightning Strokes, /. Geophys. Res., 67, 207-220 (1962). 

14.2. Moore, C. B., B. Vonnegut, E. A. Vrablik, and D. A. McCaig, 
Gushes of Rain and Hail after Lightning, .//. Azmosph. Sci., 21, 
646-665 (1964). 

14.3. Vonnegut, B., and C. B. Moore, Nucleation of Ice Formation 
in Supercooled Clouds as the Result of Lightning, ./. App/. 
Meteorology, 4, 640-642 (1965). 

14.4 Vonnegut, B., Production of Ice Crystals by Adiabatic 
Expansion of Gas, /. Appl. Phys., 19, 959 (1948). 

14.5. Vonnegut, B., and C. B. Moore, A Possible Effect of Lightning 
Discharge on Precipitation Formation Process, Am. Geophys. 
Union Monograph Number 5, 287-304 (1960). 

14.6. Battan, L. 7., Some Factors Governing Precipitation and 
Lightning from Convective Clouds, /. Azmosph. Sci., 22, 79-84 
(1965). 


ADDITIONAL READING 


Piepgrass, M. V., and E. P. Krider, Lightning and Surface Rainfall During 
Florida Thunderstorms, /. Geophys. Res., 87, 11,193-11,201 
(1982). 

Szymanski, E. VV., S. /. Szymanski, C. R. Holmes, and C. B. Moore, An 
Observation of Precipitation Echo Intensification Associated vvith 
Lightning, ./. Geophys. Res., 85, 1951-1953 (1980). 

Zrnic, D. S., VV. D. Rust, and VV. L. Taylor, Doppler Radar Echoes of 
Lightning and Precipitation at Vertical İncidence, /. Geophys. 
Res., 87, 7179-7191 (1982). 


elasıypben 
İhitifbəcemn 


VVhat is Ball Lightning? 


Are UFOs and Ball Lightning Related? 


Ball lightning (in French, 5oules de feu or foudre spherique, 
in German, Kugelblitz) is the name given to the mobile 
luminous spheres vvhich have been observed during thunder- 
storms. A typical ball lightning is about the size of an orange 
or a grapefruit and has a lifetime of a fevv seconds. A 19th 
century vvoodcut depicting the occurrence of a somevvhat 
larger than average ball lightning is shovn in Fig. 15.1. A 
number of compilations of eye-vvitness reports of ball 
ligəhtning have been published (Refs. 15.1 to 15.6). Visual 
sightings are often accompanied by permanent material 
damage, sounds, and odors. Nevertheless several noted 
scientists have attributed ball lightning to persistence of 
vision (after seeing a bright lightning channel) or to other 
optical effects (Ref. 15.7). 
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In a letter to the editor of the London DƏaily Mail (Ref. 
15.8) VV. Morris described an unusual incident in vvhich a ball 
lightning caused a tub of vvater to boil: 


e During a thunderstorm 1 savv a large, red hot ball come dövvn 
from the sky. It struck our house, cut the telephone vvire, burnt 
the vvindovv frame, and then buried itself in a tub of vvater vvhich 
vvas underneath. 

The vvater boiled for some minutes aftervvards, but vvhen it vvas 
cool enough for me to search 1 could find nothing in it. 


As a researcher in the field of lightning, the vvriter has 
personally received over one hundred unsolicited eye-vvitness 
accounts of ball lightning. Here are five representative ob- 
servations: 


ə ə 
- - 2 


Fig. 15.1. Ball lightning in a 19th century vvoodcut. The original title, 
translated from French, reads “Ball lightning crossing a kitchen and a 
barn.” Perhaps the ball lightning came dovvn the chimney used to 
exhaust the cooking fires. Hovv the young lady”s blouse came to be in 
such a state of disarray is not knovvn. (Courtesy, Burndy Library) 
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e 1 vvas visiting my uncle”s farm in Eastern Norvvay vvhere the 
country is very flat and the summers vvarm vvith cloud gatherings 
and thunderstorms in the middle of the day. One day vvhen my 
cousin and 1 vvent shopping, a thunderstorm vvorse than usual 
broke out. The rain poured dovvn, and vve stayed in the open 
door of the shop, looking out. Suddenly vve savv a glovving ball, 
the size of a small football fsoccerball) , passing the door at great 
speed a little above ground level. VVe had never heard about “ball 
lightning” before, and vvondered vvhat it might be. VVhen the rain 
stopped, vve started on our vvay home and vvalked along a path 
leading through the forest. Then it started thundering again, and 
another ball, iust like the first one, came rolling tovvards us. Novv 
vve got curious, but not very much — to 10-year-old children 
there are so many strange things to vvonder about — so vyhat isa 
rolling glovving ball more or less? Then my uncle came to meet us, 
because he thought vve might be frightened by the heavy 
thundering. and the first thing he said vvas, “Did you see the ball 
lightning?” Not till then did vve realize that vve had seen 
something strange and dangerous. 


e V/hile outdoors during a particularly violent thunderstorm such 
as are common there İlovva) , 1 heard a heavy rushing noise like an 
extra strong vvind. This caused me to look about me and 1 savv a 
ball of fire, yellovvish vvhite about the size of a vvash tub bouncing 
dovvn the dirt road. The ball traveled a little faster than one could 
run. 1 did not see from vvhere it came. 1 vvatched the ball travel 
about a city block, vvhen it struck a small shed, maybe 10 feet by 
12 feet in vvhich a horse vvas stabled. The shed seemed to explode 
and the horse vvas killed. 


e Near Murray s dairy, a property on the Queanbeyan road on the 
then outskirts of Canberra İAustralia) , and not far from vvhat is 
novv the industrial area of Fyshvvick, 1 vvas riding along the right 
hand side of the road, iust off the paving to prevent a possible slip 
and fall on the vvet surface, and about 20 to 25 yards ahead, on 
the left hand side and also off the bitumen, a farm employee vvas 
leading a Shorthorn bull. There vvas very little, if any rain at that 
time. 1 can clearly recall that there vvas one of those periods of 
“quietness” that sometimes precedes a dovvpour. /ust as 1 drevv 
level vvith the bull there vvas one very loud bang or explosion and 
immediately dovr the vhite traffic line in the centre of the road 
appeared the fireball. It seemed to be about 6” or 8” off the 
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ground, vvas about the size of a basketball like very golden butter 
in color, and had the appearance of being “spun” or “fuzzy”, like 
silk threads or vvool, as distinct from a “molten” liquid look. It 
did not sparkle — iust a ball of fuzz. It came straight dovvn say 
three of the vvhite marker lines. These have about equal distance 
of unmarked road betvveen them, so 1 should say it travelled 
about 18 to 20 feet. Then it simply disappeared. It did not break 
apart. There vvas no further noise like an explosion. İt vvas there 
one moment and not there the next. 

The v/hole thing vvould have been over in probably tvvo or three 
seconds, before the horse had time to be startled. 

The young men leading the bull cried out — in Pure Australian 
— “VVhat the bloody hell vvas THAT?”. 

As there vvas another dovvnpour shortly, vve did not stop to 
discuss it. 


e1 vvas standing in the kitchen of my home in Omaha, Nebraska 
vhile a terrible thunderstorm vvas in progress. A sharp cracking 
noise caused me to look tovvard a vvindovv screen to my left. Then 
I sav/ a round, iridescent (mostly blue) obiect, baseball size, 
coming tovvard me. İt curved over my head and vvent through the 
isinglass İmical door of the kitchen range, striking the back of 
the oven and spattering into brilliant streamers. There vvas no 
sound and no effect on me except a tingle as it passed over my 
hair. Later examination shovved a tiny hole vvith scorched edges 
in the screen and isinglass, and scorch-like marks on the back of 
the oven. 


e The v/hole family vvas sitting at the supper table vvhen a ball 
about 4 inches in diameter came and fluttered about the center of 
the table. It made a buzzing noise and vvas about 8 to 10 inches 
above the dishes. Its color vvas a mixture of blue and orange and 
may have had some red. It fluttered about 5 to 6 seconds. 1 could 
easily have grabbed it had 1 dared to do so. Then it exploded vvith 
a loud bang like a large fire cracker and gave off a smell somevvhat 
like city cooking gas vvhich lasted several minutes. After it 


exploded the table vvas left as before, no dishes broken or moved 
about. 


A number of photographs purported to be of ball lightning 
have been published (Refs. 15.9 to 15.14). Most of them are 
time exposures in vvhich the ball lightning appears as a 
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meandering ribbon of light. Some of the photographs may 
vvell be of automobile or other moving lights, or of stationary 
lights photographed by a moving camera. İt appears that no 
motion pictures of ball lightning have been taken. 

A phenomenon very similar to, if not identical vvith, ball 
lightning has been reported to occur in submarines due to the 
discharge of a high current (about 150,000 amp D.C. from a 
260 volt source) across a circuit breaker (Ref. 15.15). In 
addition, the vvriter has received a number of reports of 
ball-lighining-like phenomena being initiated in electrical 
equipment, both vvith and vvithout lightning present. One 
such thunderstorm-associated incident vvas reported by a 
retired professor and engineering department chairman at a 
mafor state university: 


e In 1914 1 vvas vvorking for the Interurban Co. and happened to 
be in the main povver house during a very severe thunder storm. 
VVe had recently installed a 600 volt dc rotary converter vvhich 
supplied povver to both the city and interurban lines. 1 vvas 
vvorking on the main svvitch board and vvatching a bit carefully as 
there vvere many breakers opening. 1 looked up Yust in time to see 
a ball of fire about 15 to 18 inches in diameter come off the 
converter commutator and float at a good speed dovvn the length 
of the svvitch board, maybe three feet above my head. Some 
hundred feet from the converter it struck the ceiling of an office 
room vvhere a cat vvas asleep. The ball splashed in all directions 
like vvater and the cat sprang high in the air. The cat squalled 
loudly but seemed to be uniniured. In both cases there vvas the 
strong odor of ozone, but due to the constant lightning 1 vvould 
not attribute it to the “ball lightning.” 


Ball lightning has been seen by 5 to 1077 of the population. 
Although it is generally thought that ball lightning is a rare 
phenomenon, recent research has shovvn that the numbers of 
ball lightning observers are not much different from the 
numbers vvho have observed lightning impact points (Ref. 
15.6). The implication is that ball lightning is usually created 
at or near the lightning channel and that an appreciable 
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fraction of all cloud-to-ground lightning flashes may give 
birth to ball lightning. Since the balls generally last for only a 
fevv seconds, they cannot get too far from the mother 
channel. Thus ball lightning may vvell be common, but rarely 
seen. 

Ball ligshtning and St. Elmo”s fire are sometimes confused. 
St. Elmo”s fire is a corona discharge induced at a pointed 
conducting obiect by thunderstorm charges. Like ball light- 
ning, St. Elmo”s fire may assume a spherical shape. Unlike 
ball lightning, it must remain attached to a conductor, 
although it may exhibit some motion along the conductor. 
Further, St. Elmo”s fire may last much longer than the 
typical ball lightning. 

From the many published ball lightning observations, it is 
possible to compile a list of ball lightning characteristics: 

Occurrence: Most observations of ball lightning are made 
during thunderstorm activity. Most, but not all, of thunder- 
storm-related ball lightning appears almost simultaneously 
vvith a cloud-to-ground lightning discharge. These balls appear 
vvithin a fevv yards of the ground. Sometimes ball lightning is 
reported to appear near ground in the absence of a lightning 
discharge. Lightning balls have also been observed to hang in 
mid-air above the ground and have been observed falling from 
a cloud tovvard the ground. 

Appearance: Ball lightning is generally spherical, although 
other shapes have been reported. Balls are usually 4 to 8 in. 
in diameter, vvith reported diameters ranging from 1/2 in. to 
many feet. Various colors have been observed, the most 
common being red, orange, and yellovv. Luminosity is 
generally not exceptional but the balls can be seen clearly in 
daylight. They are usually reported to maintain a relatively 
constant brightness and size, although changes in brightness 
and size are not uncommon. 

Lifespan: Ball lightning generally lasts less than 5 seconds. 


İn a small fraction of the reports a lifespan of over a minute 
is indicated. 
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Motion: Lightning balls usually move horizontally at a 
velocity of a fevv yards per second. They may also remain 
motionless in mid-air or may descend from a cloud tovvard 
the ground. They do not often rise, as vvould be the case if 
they vvere spheres of hot air at atmospheric pressure subiect 
only to gravity. Many reports describe balls vvhich appear to 
spin or rotate as they move. Sometimes they are reported to 
bounce, ty pically off the ground. 

Heat, sound, and odor: Rarely is the sensation of heat 
reported although there are accounts of lightning balls vvhich 
burned barns and melted vvires. One report (Ref. 15.5) 
describes a ball lightning vvhich hit a pond of vvater vvith a 
sound “as if putting a red hot piece of iron into the vvater.” 
Sometimes a hissing sound is said to be emitted. Many 
observers report an accompanying odor usually described as 
sharp and repugnant, resembling ozone, burning sulphur, or 
nitric oxide. 

Attraction to obfects and enclosures: Reports often 
describe balls attached to, and moving along, metallic ob/ects 
such as vvire fences or telephone lines. Some or all these 
observations may refer to a type of St. Elmo”s fire. Lightning 
balls often enter houses through screens or chimneys, and 
sometimes through glass vvindovv panes. They are also 
reported to originate vvithin buildings, on occasion from 
telephones. Balls can exist in an all-metal enclosure such as 
the interior of an airplane. For instance: 


e 1 vvas at the controls of a KC-97 USAF tanker aircraft, heavily 
loaded vvith TP-4 fuel for offload to B-47 bombers. En route to 
the refueling rendezvous (Elko, Nevada vicinity) vve vvere in the 
clouds at 18,000”. There vvas light precipitation, temp. vvas above 
freezing and there vvas no turbulence. 

I recall that St. Elmo”s fire vvas dancing around the edges of the 
aircraft front vvindovvs. (This is a not too uncommon occurrence 
but may have some significance to you.) The crevv vvas experienced 
in all phases of all-vveather operation and not concerned or 
apprehensive about any portion of the mission to be accomplished. 
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As 1 vvas concentrating on the panel (no outside visual 
references vvere visible) a ball of yellovv-vyhite color approxi- 
mately 18” in diameter emerged through the vvindshield center 
panels and passed at a rate about that of a fast run betvveen my 
left seat and the co-pilot”s right seat, dovvn the cabin passagevvay 
past the Navigator and Engineer. 1 had been struck by lightning 2 
times through the years in previous flights and recall vvaiting for 
the explosion of the ball of lightl 1 vvas unable to turn around and 
vvatch the progress of the ball as it proceeded to the rear of the 
Aircraft, as 1 vvas expecting the explosion vvith a full load of TP-4 
fuel aboard and concentrated on flying the aircraft. After 
approximately 3 seconds of amazingly quiet reaction by the 4 
crevv members in the flight compartment, the Boom operator 
sitting in the rear of the aircraft called on the interphone in an 
excited voice describing a ball of fire that came rolling through 
the aft cargo compartment abeam the vvings, then danced out 
over the right vving and rolled off into the night and cloudsl No 
noise accompanied the arrival or departure of the phenomenon. 
(Ref. 15.16) 


e This communication records the observation of ball lightning in 
unusual circumstances. 1 vvas seated near the front of the 
passenger cabin of an all-metal airliner (Eastern Airlines Flight EA 
539) on a late night flight from Nevv York to VVashington. The 
aircraft encountered an electrical storm during vvhich it vvas 
enveloped in a sudden bright and loud electrical discharge (0005 
h EST, March 19, 1963). Some seconds after this a glovving 
sphere a little more than 20 cm İB inchesl in diameter emerged 
from the pilot”s cabin and passed dovvn the aisle of the aircraft 
approximately 50 cm 120 inches) from me, maintaining the same 
height and course for the vyhole distance over vvhich it could be 
observed. 

z the relative velocity of the ball to that of the containing 
aircraft vvas 1.5 £ 0.5 meters Tor yards) per second .. . the obiect 
did not seem to radiate heat. .. . the optical output could be 
assessed as 5 to 10 vvatts and its color vvas blue-vvhite. . . . the 


course vvas straight dovvn the vvhole central aisle of the aircraft. 
(Ref, 15.17) 


Demise: Ball lightning decays in one of tvvo modes, either 
explosively or silently. Explosive decay occurs rapidly and is 
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accompanied by a loud noise. Silent decay can take place 
either rapidly or slovvly. Most lightning balls apparently 
exhibit a rapid decay. After the ball has decayed, it is 
sometimes reported that a mist or residue remains. Occa- 
sionally a ball lightning has been observed to break up into 
tvvo or more smaller balls. 

Types: Yhere may be more than one type of ball lightning. 
For example, the ones that attach to conductors may differ 
from the free-floating balls: the balls that appear near ground 
level may differ from those that hang high in the air or those 
that fall out of a cloud. 

Unfortunately, there is at present no adequate theory of 
ball lightning. For example, no theory can account simul- 
taneously for the degree of mobility, the constancy of light 
output, and for the fact that the ball does not rise. Despite 
numerous. theoretical models proposed, the causal me- 
chanisms remain unknovvn. All theories fall into one of tvvo 
general classes: those in vvhich the energy source for the ball 
is postulated to be outside the ball (externally povvered ball 
lightning) and those in vvhich the sustaining energy is 
postulated to be stored vvithin the ball itself (internally 
povvered ball lightning). 


In the internally povvered models there are essentially six 
subclasses: (1) Ball lightning is gas or air behaving in an 
“unusual” vvay. It has been suggested that the ball lightning is 
slovvly burning gas, is the light produced by the slovv 
recombination of unspecified ions existing in the ball, is due 
to chemical reactions involving dust, soot, etc., and so on. (2) 
Ball lightning is a sphere of heated air or heated air 
containing various impurities at atmospheric pressure — Ref. 
15.18. (3) Ball lightning is a very high-density plasma 
(ionized gas) vvhich exhibits properties characteristic of solid 
materials — Ref. 15.19. (4) Ball lightning is due to one of 
several suggested configurations of closed-loop current flovv 
contained by its ovn magnetic field. It has been shovrn that 
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plasma containment of this type is not possible in air — Ref. 
15.20. (5) Ball lightning is due to some sort of air vortex (like 
a smoke ring) providing containment for luminous gases. (6) 
Ball lightning is a high frequency electromagnetic field 
contained vvithin a thin spherical sheet of ionized air — Ref. 
Isə 

In the theories vvhich provide the ball vvith an external 
povver source, three types of povver sources have been 
suggested: (1) A high-frequeney (hundreds of megacycles per 
second) electromagnetic field, (2) a steady current flov/ from 
cloud to ground, and (3) focused cosmic-ray particles. (1) M. 
Cerrillo (Ref. 15.22) and P. Kapitza (Ref. 15.23) proposed 
that focused radio frequency energy from the thundercloud 
could create and maintain a ball lightning. Radio vvaves vvith 
the energy necessary to effect this mechanism have never 
been observed in thunderstorms. (2) D. Finkelstein and 1. 
Rubinstein (Ref. 15.20), the vvriter and C. Helstrom (Ref. 
15.24), and 1. Povvell and Finkelstein (Ref. 15.25) have 
suggested that a steady current flovving from cloud-to-ground 
vvould contract in cross section at the ball (originally 
provided by part of the lightning channel) and that the 
increased energy input due to the constriction of current 
could maintain the ball. This type of theory cannot account 
for the existence of ball lightning inside structures, particu- 
larly inside metal structures. (3) V. Arabadzhi (Ref. 15.26) 
has suggested that radioactive cosmic-ray particles could be 
focused by the charges of the thundercloud so that the 
cosmic rays vvould create an air discharge at one point in 
space. This vvould appear to be very unlikely. 

Are UFOs (Unidentified Flying Obiects) and ball lightning 
related? There are all kinds of UFOs. Some are hoaxes: some 
are misinterpretations of vvell-understood physical phe- 
nomena like meteors, not knovvn to the observer or seen 
under unusual circumstances: some, like re-entry vehicles, are 
unpublicized obiects of our advanced technology: some are 
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imperfectly understood physical phenomena: some may be 
due to poorly understood psychological effects: and, finally, 
some may be spaceships (true flying saucers). Although there 
are many observations of flying-saucer-like obiects reported 
by reliable people (Refs. 15.27, 15.28), incontrovertible 
proof that interplanetary spaceships exist — a captured or 
crashed saucer — has not been forthcoming. The UFO litera- 
ture referenced (Refs. 15.27, 15.28) and the references con- 
tained in that literature make fascinating reading. 

But let us return to our original question. A small 
percentage of the UFO reports are so similar to a certain class 
of ball lightning reports that they both must refer to the 
same “imperfectly understood physical phenomena.” These 
particular lightning balls are much larger, much brighter, and 
much longer-lived than the typical balls. They are reported to 
be 10 to 20 ft in diameter, give the impression of being as 
bright as lightning, and may last a minute or more. Vhen 
such obyiects appear immediately after lightning, it is clear 
that they should be called ball lightning. Sometimes, hovv- 
ever, they appear near or in clouds or in snovv vvithout the 
apparent presence of lightning, and occasionally such obiects 
are reported in seemingiy clear air. 


elhaypboir 
sıxtecemn 


V/hat is Ribbon Lightning ? Bead Lightning? 


Ribbon lightning is the name given to the optical illusion 
occurring vvhen a cloud-to-ground lightning flash is moved 
sidevvays an appreciable distance by the vvind during the time 
betvveen the component strokes of the flash. Each stroke in 
the flash is then seen separated horizontally in space. To the 
eye, each identically-shaped stroke (ribbon)) appears to occur 
simultaneously. A photograph of ribbon lightning is shovvn in 
Fig. 16.1. 

The first solid evidence that lightning flashes are generally 
composed of a number of separate strokes vvas provided in 
the 1880s by photographs of ribbon lightning. By the early 
tvventieth century several investigators had obtained ribbon- 
like photographs of normal (not vvind-blovvn) lightning by 
moving their cameras as the flash vvas occurring. Each 
component stroke of the flash appeared at a different 
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Fig. 16.1. Ribbon lightning near Tucson, Arizona photographed vvith a 


tripod-mounted camera. (Courtesy, George Marcek, Catalina High 
School, Tucson) 
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position on the film because the lens and film position had 
changed relative to the fixed lightning position during the 
time betvveen strokes. The technique of moving (by hand or 
mechanically) a camera during a flash to time-resolve the 
features of the flash has yielded much valuable information 
about lightning. For example, in this vvay stepped and dart 
leaders vvere discovered and their velocities measured. 
Modern “streak” cameras vvhich time-resolve various high- 
speed luminous events (including lightning) employ the same 
basic idea, relative motion betvveen lens and film, as the 
hand-moved camera. The streak camera lens “remains sta- 
tionary vvhile the motor-driven film moves at high speed 
horizontally behind the lens. A modern streak camera 
photograph of a 12-stroke lightning flash is shovvn in Fig. 
16.2. A streak camera photograph of a stepped leader and the 
resultant return stroke is shovvn in Fig. 16.3. As is evident, 
the stepped leader channel is photographically dark betvveen 
steps and elongates itself by a nevv step each time it lights up. 
A detailed description of the stepped leader is given in 
Chapter 9 and the stepped leader”s movement tovvards 
ground is illustrated in Figs. 9.1 and 9.2. 

Bead or chain lightning is a visually vvell-documented 
phenomenon in vvhich the lightning channel to ground breaks 
up, or appears to break up, into luminous fragments generally 
reported to be some tens of yards long. The beads are 
reported to persist longer than the usual cloud-to-ground 
discharge channel. 

No reliable still photograph of bead lightning has been 
published in the literature. Further, it is not clear that a still 
camera vvould record a beaded effect. If the channel is first 
continuous and then breaks up into beads, the image on the 
film vvill be a superposition of the continuous channel and 
the beads. The beads vvill only be apparent if the light 
output of the beads to vvhich the film is sensitive is at least a 
small fraction of the light output of the channel prior to the 
formation of beads and if the film is not oyver-exposed. 
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Fig. 16.2. Streak- camera photograph of a 12-stroke lightning flash 
taken near Socorro, Nevv Mexico. The first stroke is on the left and is 
the only branched stroke (see Chapter 9). Increasing time goes from left 
to right. Continuing current (see Chapter 5), as evidenced by continuing 
luminosity, flovvs after the eleventh stroke. (Courtesy, Marx Brook, 
Nevv Mexico, İnstitute of Mines and Technology) 
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To document bead lightning adequately, a movie is 
probably necessary. Figure 16.4 is a frame from one such 
movie taken by U. S. Navy personnel vvhile photographing a 
plume of vvater rising from a depth charge explosion (Ref. 
16.1). The lightning flash of Fig. 16.4 vvhich struck the depth 
charge plume consisted of three strokes, the first lasting more 
than 0.5 second, the second about 0.1 second, and the last 
more than 0.1 second. Continuing current (see Chapter 5) 
vvas apparently involved in each stroke. The latter frames of 
each of the three strokes shovv a channel vvhich has broken 
up into light and dark sections a fevv yards in length. 

There are various theories of bead lightning and some of 
these are novv considered: 

(1) The visual appearance of bead lightning is caused by 


Fig. 16.3. Streak- camera photograph of a stepped leader and the 
resultant return stroke taken near Lugano, Svvitzerland. Increasing time 
goes from left to right, the time duration of the photograph is about 
0.002 sec. The vertical height shovvn is about 400 yards. On the left 
side of the photograph the intensity of the leader is greatly enhanced. 
This enhancement vvas accomplished in printing the photograph in the 
darkroom. The right side of the photograph gives some idea of the 
relative brightness of the stepped leader compared to the return stroke. 
(Courtesy, Karl Berger, Eidg. Technische Hochschule, Zürich) 
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vievving portions of the lightning channel end-on. That is, if 
the lightning channel is coming tovvard or going avvay from 
an observer, the observer vvill see a greater length of the 
channel vvithin a given vievving angle than vvould be the case 
vvere the channel perpendicular to his vievving direction. The 
greater length of channel appears to the eye as a normal 
channel of greater-than-normal brightness. To account for the 
beaded effect, the channel must periodically be slanted 
tovvard or avvay from the observer. 

(2) Bead lightning is due to the periodic masking of a 


Fig. 


İg. 16.4. Bead lightning as it appears on one frame of a motion 
picture shovving a three-stroke flash striking the top of a depth charge 
plume. (Courtesy, U.S. Naval Ordnan 
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normal cloud-to-ground channel by clouds or rain. 

(3) A "magnetic pinch-effect” instability may distort the 
current-carrying channel into a “string of sausages” vvith the 
strong light emission coming from the “necked-off” regions 
of high-current density. To obtain a series of beads this vvay, 
the channel must somehovv be conditioned periodically as a 
function of height. Possibly, the periodicity is fust an 
accident of nature. 


(4) Bead lightning is a series of ball lightnings (see Chapter 
15): 

(5) Large-radius sections of the lightning channel have long 
luminous lifetimes since channels of large radius take longer 
to cool than channels of small radius. To a first approxi- 
mation the cooling time is proportional to the square of the 
radius. If the lightning channel radius vvere somehovv periodi- 
cally modulated as a function of height, then, as channel 
luminosity decayed, the channel vvould take on the appear- 
ance of a string of beads. Perhaps this modulation occurs 
accidentally vvhen the channel consists of a large number of 
kinks or bends. 

To account for the observed long persistence of the beads, 
those theories vvhich require current flovv may be invoked in 
coniunction vvith long continuing currents. Perhaps the 
observed long persistence is due to the eye rather than to the 
channel. 
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Has Lightning Any Practical Use ? 


Energy is neither created nor destroyed. Rather, it is 
converted from one form to another. For example, in a light 
bulb the input electrical energy is converted to light and heat. 
The energy content of the output light and heat equals that 
of the input electrical energy. No energy is lost. A charged 
thundercloud contains stored electrical energy derived from 
the energy of vvinds and particle motions and from the 
energy released by condensing vvater vapor (see Chapter 7). 
Some of the stored electrical energy of the cloud is 
transferred to lightning. VVe consider novv the energy and 
povver available to lightning and the possibility of its 
controlled use for the benefit of man. 

Each cloud-to-ground lightning flash involves tens of 
coulombs of charge (see Chapter 8) at a voltage of betvveen 
100 million and a billion volts. The resultant electrical energy 
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is about 1 to 10 billion vvatt-seconds per flash. If there are 
100 flashes to ground each second over the vvhole vvorld (see 
Chapter 7), a maximum value for the total electrical povver 
input to vvorldvvide cloud-to-ground lightning is 1,000 billion 
vvatts. By comparison, the total capacity of all electric povver 
generators in the United States in 1970 vvas about 500 billion 
vvatts. It is evident, therefore, that the povver and energy 
available to lightning is appreciable. 

Unfortunately, no efficient method of tapping lightning”s 
povver and energy is presently available — for tvvo reasons: 
(1) It is impractical to intercept (for example, vvith tall 
tovvers) any significant number of the vvorld-vvide cloud-to- 
ground flashes. (2) Most of the energy available to the 
lightning is converted along the lightning channel to thunder, 
heat, light, and radio vvaves, leaving only a fraction available 
at the channel base for immediate use or storage. 


The first problem is the more serious. If its total energy 
vvere available, a sing/e lightning flash vvould run an ordinary 
household light bulb for only a fevv months. It is the high 
rate of occurrence of vvorld-vvide lightning (100 per second) 
vvhich provides for the high total povver and energy levels. A 
1000 ft tovver in a region of moderate thunderstorm activity 
is struck by lightning about 10 times a year (see Chapter 6). 
It vvould take one hundred thousand such tovvers, each 
collecting all the energy from ten strokes per year, to equal 
the 100 million vvatts generated by a typical small povver 
station. It is impractical to erect a sufficient number of 
tovvers to capture significant quantities of energy from 
lightning, and no more practical means of intercepting 
lightning has been proposed. 

Ancient man considered lightning the ultimate vveapon. İts 
use and control vvere generally attributed to the gods. The 
Norse god Thor hurled lightning from his chariot vvhile riding 
across the sky. In ancient Greece, Zeus threvv the thunder- 
bolts, in Rome, Tupiter. The advent of our modern civili- 
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zation has not eliminated man s interest in the use of 
lightning as a vveapon. Military research in several countries 
has recentiy been concerned vvith the feasibility of directing 
lightning and ball lightning at specific targets. V/hile tech- 
nology is not capable of achieving these goals at present, it 
vvould not be surprising if they vvere attained in the not too 
distant future. In vievv of the avvesome destructive povver of 
modern vveaponry, the military use of lightning or ball 
lightning vvould probably be more as a psychological than as 
a destructive vveapon. 

Nitrogen comprises about 8076 of the atmosphere sur- 
rounding the earth, yet it cannot be used directly by the large 
maiority of plants and animals until it is “fixed.” “Fixed” 
nitrogen is nitrogen incorporated in chemical compounds 
necessary to the chemical processes of life, as opposed to the 
relatively inert form of nitrogen, the nitrogen molecule, 
found in the air. Fixing is accomplished by (1) special 
organisms in the soil and vvaters, (2) industrial processes, and 
(3) ionizing atmospheric processes including lightning. Nitro- 
gen vvhich has been fixed in the atmosphere is brought to 
earth in rain. It has been estimated that of the 100 million 
tons of nitrogen fixed per year, about 87? is atmospheric, 
about 3072 industrial, and the remainder biological (Ref. 
17.1). Estimates of this sort are difficult to make and subiect 
to large errors. The role played by lightning in generating 
fixed nitrogen is frequently accorded prominence in the 
popular literature. VVe can, hovvever, shovv that lightning is 
not as important in nitrogen fixing as is generally believed. 

About 8 million tons of fixed nitrogen are thought to be 
brought to earth each year in rain. If vve assume that (1) 
there are 500 lightning discharges (cloud-to-ground and 
intracloud) occurring each second (see Chapters 7 and 8), (2) 
each lightning channel is 2 in. in diameter and 4 miles long 
(see Chapter 10), (3) every nitrogen atom in every channel is 
“fixed” (a great overestimate), then the total amount of 
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nitrogen fixed by the lightning channels is about 20,000 tons 
per year. Since 20,000 tons is a very small fraction of 8 
million tons, vve conclude on theoretical grounds that the 
lightning channel itself is not an important producer of fixed 
nitrogen. Experimental evidence to support this conclusion 
has been given by several investigators (Refs. 17.2 to 17.5) 
vyho shovv that the nitrate and ammonia content in precipi- 
tation is not correlated vvith the amount of lightning activity. 
In fact, there is roughly the same nitrate and ammonia 
content in precipitation in vvinter vvhen there are fevv 
thunderstorms as in summer vvhen there are many (Ref. 
17.2). VVhat, then, is the source of the atmospheric nitrogen 
compounds? The ansvver is not knovvn, but there are tvvo 
reasonable possibilities: (1) They are generated in the lovver 
regions of the ionosphere (the ionized layer of atmosphere 
beginning about 40 miles above the earth) and diffuse dovvn- 
vvard, and/or (2) they are created by corona discharges in all 
types of precipitating clouds and along the ground under 
those clouds (Ref. 17.5). If possibility (2) is important, a 
close relative of lightning has contributed and continues to 
contribute significantly to the vvorld”s fixed nitrogen supply. 

The lightning channel generates radio vvaves (sometimes 
called atmospherics or sferics) vvhich have been used for 
practical purposes. Lightning is the strongest terrestrial 
source of electromagnetic noise in the radio band. The 
lightning radio noise is strongest near a frequeney of 5 
kilocycles per second and extends vvith decreasing intensity 
up and dovn the frequency scale as far as has been measured. 
Everyone is familiar vvith the lightning static produced on 
AM radios and the “snovv” on TV pictures (particularly on 
the lovver channel numbers) due to lightning radiation. 
Studies of the lightning electromagnetic noise have led to 
several practical applications. (1) Measurements made on 
lightning radio vvaves can be used to pinpoint the location of 
the thunderstorm area producing the lightning. Among those 
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vvho use this information are meteorologists (vvho study as 
vvell as predict the vveather) and aircraft pilots. Radiolocation 
techniques can spot thunderstorms thousands of miles avvay. 
(2) Measurements of the properties of lightning radio vvaves 
returned from the ionosphere and from ionized layers above 
the ionosphere have yielded valuable information about the 
numbers and kinds of charged particles in those regions. (3) 
Measurements of the properties of lightning radio vvaves as 
they propagate along the earth”s surface have enabled the 
electrical resistivity of various portions of the earth to be de- 
termined. Similarly, lightning radio vvaves can be used in 
some kinds of geophysical prospecting (e.g., in the search for 
lovv resistivity ore lying far belovv the earth s surface). 
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V/hat VVould Happen İf Lightning V/ere 
Eliminated? 


First, it is appropriate to point out that it may vvell have been 
lightning in the primordial soup covering the earth several 
billion years ago that produced the complex molecules from 
vvhich life eventually evolved. Laboratory experiments have 
shovvn that electrical discharges in vvhat is believed to be the 
constituents of the primordial atmosphere can create the 
necessary molecules. Thus, vve may be indebted to lightning 
for the presence of life on earth. 

Still, lightning is primarily troublesome rather than help- 
ful, as the contents of this book attest, and except for some 
of the benefits mentioned in the previous chapter it might 
seem advantageous to eliminate it altogether. Exactly vvhat 
vvould happen if lightning vvere eliminated is not knovn, but 
clearly the electrical balance of the atmosphere vvould have 
to change as vve shall see in the follovving paragraphs. If and 
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Fig. 18.1. Thunderstorms act as batteries to keep the earth charged 
negatively and the atmosphere charged positively. Atmospheric elec- 
trical currents flovv dovvnvvard in fine vveather and upvvard in thunder- 
storms. Thunderstorms deliver charge to the earth by lightning, rain, 
and corona discharges. 
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hovv the change in electrical balance vvould change the 
vveather is not knovvn. Prudence, hovvever, vvould dictate 
extreme caution in tampering vvith lightning. 

The electrical resistivity of the atmosphere decreases vvith 
height. From the point of vievv of atmospheric electricity, the 
resistivity is sufficiently lovv at an altitude of about 30 miles 
that the voltage does not vary much above that point. The 
region beginning at about 30 miles and extending upvvard is 
called the e/ectrosphere. (The ionosphere, vvhich reflects 
lightning radio vvaves dovvnvvard, begins, as noted in Chapter 
17, at about 40 miles and is even a better conductor than the 
bottom of the electrosphere.) The voltage betvveen the earth 
and the electrosphere in regions of fine vveather is about 
300,000 volts. To maintain this voltage the earth has a 
negative charge of about a million coulombs on its surface 
and an equal net positive charge is distributed throughout the 
atmosphere. Measurements have shovvn that the negative 
charge on the earth remains roughly constant vvith time. At 
first glance, this fact is difficult to understand since the 
charge on the earth is continuously leaking off into the 
conducting atmosphere. In fact, calculations shovv that, if the 
earth”s charge vvere not being continuously re-supplied, the 
charge on the earth vvould disappear in less than an hour. 


The earth is recharged by thunderstorms. Fig. 18.1 shovvs 
hovv the electrical balance of the atmosphere is maintained. 
Thunderstorms deliver a net negative charge to the earth as a 
result of the sum of the effects of the follovving processes: 
(1) negative charge carried from cloud to earth by lightning, 
(2) positive charge carried from cloud to ground by rain, and 
(3) positive charge carried upvvard (the equivalent of negative 
charge carried dovvnvvard) through the air beneath and above 
a thunderstorm, the source of the positive charge being 
corona discharge off grass, trees, and other obiects vvith sharp 
points on the ground beneath the thunderstorms. The total 
current flovving beneath all thunderstorms in progress 
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Fig. 18.2. Lightning over Lake Chiem in Bavaria, Germany. (Courtesy, 
Agfa-Gavaert AG) 
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Fig. 18.3. Lightning over the Arizona desert. (Courtesy, ). Rodney 
Hastings, University of Arizona) 
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Fig. 18.4. A lightning flash exhibiting multiple ground points and the 
ribbon effect discussed in Chapter 16. (Courtesy, George Marcek, 
Catalina High School, Tucson) 
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Fig. 18.5. Lightning initiated by an upvvard-moving leader from a tovver on 
Mt. San Salvatore near Lugano, Svvitzerland. Photographs of other dis- 
charges to the tovver are shovvn in Fig. 6.1a, b. (Courtesy, Richard E. 
Orville, State University of Nevv York at Albany) 
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throughout the vvorld at any given time is thought to be 
about 2000 amps, and is in such a direction as to charge the 
earth negatively. An approximately equal and opposite 
current flovvs in regions of fine vveather. The result is that the 
net negative charge on the earth and the equal and opposite 
net positive charge in the atmosphere remain approximately 
constant. 

Finally, if all lightning vvere eliminated, vve earthly vievvers 
vvould be deprived of one of the most spectacular visual 
displays that Nature has to offer. In its variety and brilliance 
lightning puts man-made firevvorks to shame, as evidenced by 
Figs. 18.2 to 18.5. Vatching lightning is fun, one of the aims 
of this book has been to make it more so. Many confirmed 
lightning vvatchers even enioy listening to the variety of 
sounds that comprise thunder. 
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ALL ABOUT LIGHTNING 


Mcrrtiin A.Uman 


. contains a surprising vvealth of vvell-organized, authoritative information 
about lightning. ”—Bulletin of Amer. Meteorological Society 


Does lightning strike tvvice in the same place? Hovv does a lightning rod vvork? 
VVhat is ball lightning? Hovv many thunderstormsare in progress in the vvorld atany 
one time? VVhy does lightning zigzag? VVhat is St. Elmo”s Fire? 


These and many more often-asked questions about lightning are ansvvered in this 
fascinating and informative guide for the layman, presented in an easy-to-follovv 
question-and-ansvver format. One of nature”s most avvesome phenomena, lightning 
has intrigued man since earliest times. In this book, a noted scientist and expert on 
lightning dispels many misconceptions vvhile offering a vvealth of scientific and 
technical information about the nature of lightning and its effects. 


You"İl discover hovv Beniamin Franklin proved thatlightning vvas electrical, hovv to 
protect yourself from lightning, hovv to photograph lightning (if s not difficult), the 
possible relationship betvveen ball lightning and UFOs, vvhat to do for a person 
struck by lightning, the nature of sheet lightning, ribbon lightning, bead lightning 
and other variations, and much more. VVhile the overall approach is nontechnical, 
Dr. Uman has incorporated scientific data in the ansvvers in such a vvay that laymen 
vvill find the book a near-painless introduction to current scientific knovvledge 
about lightning. 


Simple, vvell-dravvn diagrams illuminate the text, along vvith a selection of 
spectacular lightning photographs, including a remarkable image of 5 lightning 
bolts produced by the explosion of the first thermonuclear device. İn addition, each 
chapter contains a list of references cited in the text vvhich suggest further reading 
for anyone interested in finding out more about earth"s dazzling atmospheric 
firevvorks. 


Unabridged, corrected Dover (1986) republication of Understanding Lightning, 
published by Bek Technical Publications, Inc., Carnegie, Pa., 1971. Preface. 16 
black-and-vvhite illustrations. 27 black-and-vvhite photos. Color photos on covers. 
Bibliography. Index. 192pp. 58 x 8). Paperbound. 
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ALSO AVAILABLE 
LIGHTNING, Martin A. Uman. 320pp. 58 x Si. 64575-4 Pa. $8.95 


Free Complete Dover Science Catalog available upon request. 


ISBN 0-u8k5-65837-X 
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